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Preface -

) This report was prepared by the U.S. Army Engineer Nuclear Crater-
ing Group (NCG) to serve as a textbook for engineers in planning for the use
of large explosive charges in a construction role, primarily for excavations
and other civil engineering purposes. The experience of the Group in mod-
eling nuclear cratering tests with chemical (high) explosives over the past
nine years, and the more recent experiments which included objectives
related to the applicability and the economy of chemical.explogsive excava-
tion, are the primary foundation for the writing. The knowledge de.veloped
from these experiments and related reseafchl activities has reached a level
where certain excavations achievable with large chemical explosive charges
can be successfully and confidently designed. This report is written with
the objective of documenting this techhology and making this knowledge
available for practical use. The task is in accordance with the mission of _
NCG to provide technical advice and assistance in the use of large explosive
charges to field elements of the Corps of Engineers and to other government.
agencies and construction organizations, Admittedly, optimum procedures
have not yet been established by field testing for the full range of possible
excavation situations, The active program of research conducted by NCG
under the Civil Works funded program, "Nuclear Explosives Studies for
Civil Construction," is being concluded in June 1971; however, research and
testing related to the explosive excavation concept will continue under a
field office of the U,S. Army Engineer Waterways Experiment Station,
This office will be created out of NCG and designated the U,S. Army Engi-
neer Explosive Excavation Research Office (EERQO). Improvements brought
about by future research work will be documented by appropriate.additions

or revigsions to this report.
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Abstract

This report is the first comprehensive textbook on a relatively new
method of construction originating from research into the large-scale use
of explosives for construction purposes. The central idea is that explosives
can be made to do more work for the civil engineer than just break up rock;
various types of excavations and explosion-generated effects can be designed
and produced safely, quickly, and in many cases more cheaply than by the
use of other techniques. The overall concept, design approach and proce-
dures, and the operational consequences of using currently available tech-
niques are fully described, Emphasis is on the adaptability of the method
and its present and future potential as a cost competitive tool in various
construction roles,

The report deals with the mechanism of crater formation and the
characteristics of explosion-produced ératers. It covers the types of proj-
ects in which such craters have useful application, how to choose the proper
explosive, how to design the charge emplacement and firing system, and how
to evaluate the potential hazardous effects from detonation, The field oper-
ations associated with using the method are described and the postshot
engineering considerations are discussed. An example is given to illustrate
the procedure to be followed to analyze a typical excavation project.

Further research needed to increase the adaptability and competitive-
ness of explosive excavation is presented. Considerable ancillary informa-
tion for engineers interested in the evolution of explosive excavation, case
histories of projects, details relating to explosives and design procedures,
and the procedures to contract for explosive excavation services is appended

to the report.
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NCG TECHNICAL REPORT NO. 21

EXPLOSIVE EXCAVATION TECHNOLOGY

Chapter 1

Introduction

1.1 OVERALL PURPOSE AND SCOPE

This report is written to provide the
civil engineer with information necessary
to plan, to design, and to execute explo-~
sive excavation projects using chemical
high explosives. The use of nuclear
explosives for excavation projects has
been previously reported by the U. S,
Army Engineer Nuclear Cratering Group

(NCG) in 1968,

1.2 WHAT IS EXPLOSIVE
EXCAVATION?

The term ''explosive excavation' is a
general term which in most instances
implies ''cratering' or the use of large
explosive charges to produce an excava-
tion by fracturing and ejecting large vol-
umes of earth or rock in a construction
application. The terms 'quarrying' and
"mounding' as used herein describe var-
iations of explosive excavation in which
large concentrated charges are used to
fracture and to loosen rock material with
little or no ejection of material.

Although a precise charge weight limit
is not prescribed, it is generally con-
ceived that explosive charge sizes will
range from about one ton to several hun-
dreds of tons. Based on the types of

projects studied to date, it is expected

that by far the most common sizes to be
employed will be in the range from 1 to
50 tons,

will involve more than a single charge,

A single detonation most likely

In general, explosive excavation in-
volves charges buried at depths ranging
from the surface down to a point at which,
upon detonation, there is little visible
Like
the charge weight criteria, depth of burial

surface evidence of the detonation.

limits are not precisely defined. As a

rule of thumb, it is convenient to think of

~ explosive excavation with chemical explo-

sions in terms of tens of tons of explo-
sives emplaced tens of feet in depth. The
depth of primary interest for this report
is termed the ''optimum depth of burial'’;
i.e., the depth, measured from ground
surface to the charge, at which the detona-
tion will excavate the largest net volume
of material. Design techniques which use
other depths of burial are under develop-
ment.

Explosive excavation is an alternate
method to conventional blasting and haul-
ing for moving soil and rock on construc-
tion jobs., Similarly, explosive quarrying
and mounding are alternatives to the con-
ventional quarrying and rock blasting
operations conducted as a necessary part
of many construction projects, The use

of large concentrated charges offers



substantial potential benefits when excavation

and, in certain cases, when blasting or
rock removal comprise major project
activities, The principal potential advan-
tages are speed of construction and
economy,

Explosive excavation is a construction
tool of considerable versatility, Even at
the present state of the technology, it is
“characterized by emplacement and firing
techniques which can be designed to ob-
tain excavation ¢onfigurations suitable
Further
research is extending these design tech-

for a wide range of projects.

niques to cover wider applications. Some
projects which may not be feasible by

other means may be accomplished through
the use or adaptation of explosive excava-

tion techniques.

Explosive excavation does not stop with
detonations that produce huge craters or
mounds of broken rock but includes pro-
visions for postshot operations as neces-
sary to deliver a useful engineering exca-
vation, Due consideration is given to
facilitating follow-on construction opera-
tions. The explosive excavation method
embraces all of the engineering and the
operations to fit the explosively produced
crater, quarry, or zone of broken rock

into the overall construction project,
1,3 BASIS FOR REPORT

Since 1962 the U.S, Army Engineer
Nuclear Cratering Group has executed
extensive laboratdry and field cratering
tests using chemical explosives (Appen-
dix A). Initially, these were primarily
modeling experiments for nuclear tests
conducted to fulfill a part of the Corps'

obligations in a joint Corps of Engineers—

_2_

Atomic Energy Commission program to
investigate the use of nuclear explosives
Since 1969

the objectives of this research have been

for large-scale excavations,

broadened to include investigations into
the practical aspects of using chemical
explosives in similar but smaller con-
struction roles. A number of experiments
conducted under this program have dra-
matically illustrated the excavation
potential of large charges of chemical -
explosives (for examples, see Appendix B).
The technical knowledge and experience
accumulated in conducting this research
provide an initial level of understanding

of the cratering process sufficient to
establish procedures whereby explosive
cratering can be successfully used as a
competitive excavation method under
certain conditions. This report is pri-
marily concerned with these state-of-the-
art procedures. Additional research is
needed to increase the applicability of the
explosive excavation method, to test and
to prove new.techniques, and to extend the
method's competitiveness to more mate-

rials and situations,
1.4 PRACTICAL APPLICATIONS

The full range and variety of applica-
tions appear to be limited only by the
imagination, Studies, augmented by lab-
oratory and field experiments, indicate
the following to be the most attractive
practical projects at this time: canals,
waterway connections, harbors, channel
deepening and widening, and highway and
railway cuts. More limited studies indi-
cate the following projects as potential
applications for explosive excavation

techniques: quarries, expedient



biasted-into-place) dams, and overburden re-
moval. It is with such projects in mind
that this report has been written. Appli-
cations such as these usually require con-
siderable excavation and are frequently
found in areas sufficiently remote to

allow large detonations.
1.5 PREVIEW OF CONTENTS

To the engineer there are practical
questions concerning the use of explosive
excavation which must be satisfactorily
answered before it is accepted and put to
wide use. These include the effectiveness,
the versatility, the simplicity, the safety,
and the economy of the method. This re-
port anticipates these gquestions and is
devoted to providing answers. The cen-
tral question which forms the theme for
the first edition is this: What is involved
in explosive excavation and how can it be
used on construction projects?

The first nine chapters are designed
to present a complete picture of explosive
excavation in a relatively brief textbook

form following the general chronological

order of project development. The infor-
mation presented is basic to clear under-
standing of all aspects of explosive exca-
vation., Where appropriate, recommended
procedures for using this information to
accomplish excavation projects are stated.
Chapter 10 goes further to illﬁstrate, by
example, how the information in the text
may be applied to analyze projectis for the
practicability of using explosive excava-
Chapter 11 deals with

current and future research in the area

tion techniques.

of explosive excavation. Six appendixes
provide selected additional information
which, although considered to be ex-
tremely important and relevant to explo-
sive cratering, was believed to be pri-
marily ancillary to the main text, too
specialized in nature or too detailed to

be integrated into the chapters.

REFERENCE

1. LTC B, C. Hughes, Nuclear Construc-
tion Engineering Technology, U. S,

Army Engineer Nuclear Cratering
Group, Livermore, Calif., Rept.
NCG-TR-2, September 1968,



Chapter 2

Crater Formation and Properties of Craters

2.1 SCOPE

This chapter briefly explains the con-
cept of explosive cratering, introduces
nomenclature, and describes the nature
of an explosively prodﬁced crater. The
information presented here provides the
necessary general background for the
development in subsequent chapters.

Two sections are devoted to the me-
chanics of crater formation and the meth-
ods used to predict the dimensions of
craters. The discussion of crater forma-
tion is nonmathematical and provides an
overview of the physical events accompa-
nying an underground explosion. It ex-
plains how the crater and the surrounding
zones of disturbance are formed,
Empirical scalingis the method for pre-
dicting crater dimensions used throughout
the text. Itisthe simplest of the methodsin
current use and most immediately appli-
cable to practical engineering situations.
Other methods, requiring complex calcu-
lations based on the conservation laws of
mass, momentum, and energy, are used
at the present time primarily as research
tools. The presentation of empirical scal-
ing includes experimentally developed
curves relating crater dimensions to the
depth of burial of the charges, The
curves indicate the expected performance
of a 1-ton charge of TNT in each of three
geologic media. These results may be
extendecd to other charge weights by the
scaling rules, and they may be extended
to other explosives and media by other

considerations, including subjective judg-

ment, The results from single-charge
detonations can be used to predict the
results from thel detonation of rows of
charges by the application of additional
empirical rules.

The final section describes the nature
of the fragmented and the fractured mate-
rial found in and around an explosively
produced crater. Included here is a gen-
eral discussion of those material proper-
ties which characterize the crater and
which are of primary concern in looking
to the engineering behavior of the crater
and the functional purpose to be served

by the excavation.
2.2 CRATER FORMATION

a., Crater Description and Nomenclature

A crater consists of three concentric
zones known as the apparent crater, the
true crater, and the rupture zone. These
are illustrated by Fig. 1, a cross section
of a typical crater in rock.

The apparent crater is the net exca-
vated volume below the original ground
surface. Its radius, depth, and volume
are the first criteria for the engineering
design of an explosive excavation. Its
cross section has been found to be best
approximated by a hyperbola whose
asymptotes are parallel to the crater
slopes near the original ground surface.
Its depth is somewhat less than the charge
depth of burial except for charges buried
at shallow depths.

The raised rim, or lip, surrounding

the crater consists of uplifted material
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{upthrust) overlain with fragmented mate- ward and has more fractures than in the
rial which has been ejected from the natural state. The actual interface be-
crater. The fragmented material, ejecta, tween the true crater and the rupture
covers the original ground surface out to zone is poorly defined. It is thought to be
a distance approximately equal to three more a transition region than a definite
times the crater radius from surface boundary. The outer limit of the rupture
ground zero (SGZ), zone is also poorly defined. The blast-
The true crater is the excavation induced fractures diminish in number
which would exist if none of the ejected with distance from the detonation point
material fell back into the crater, The until there are so few as to be indistin-
cross section of the crater has been guishable from naturally occurring
found to be best approximated by a parab- fractures. '
ola, During crater formation the true In quantitative discussions of crater
crater is partially filled with fallback characteristics it is necessary to have in
material to form the apparent crater. mind the nomenclature which describes
Thus the size and shape of the true crater features of the crater and the notation
are not easily discerned. used to represent measurable parameters.
Surrounding the true crater is a rup- Figure 1 shows the preferred crater no-
ture zone. Within this zone material has menclature. Figure 2 shows the notations
been displaced slightly upward and out- used for craters produced by single

Apparent crater boundary

Original ground surface

Ejecta
Surface ground zero
- O TS ~
$oZ 0502 a5
0 ey — .. _._P-_r--_-.c’
L T e s ) ¢

l:‘ \kl(\/
N Rupture zone

True crater boundary

Fallback

Original location of explasive
charge

Fig. 1. Cross section of typical crater in rock, showing nomenclature.
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Fig. 2. Crater notations.
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charges and for craters produced by a
As will

be seen later, these notations can be

single row of several charges.

adapted for use with multiple row-charge
craters.

In addition to the nomenclature and
notations in Figs. 1 and 2, the following
definitions will apply in discussions of the
material properties of the media affected
by a cratering detonation:

Rubble:
fallback and ejecta.

The material comprising the
Rupture zone: The zone of blast-induced
fractures and displacements from the
true crater boundary outward to the rela-
tively undisturbed in situ material.

Bulking Factor (BF): The ratio of in situ

or preshot bulk density to postshot bulk

density. Bulking factor is used on con-

ventional construction to determine cut,
haul, and fill requirements.

Effective Porosity (ng): The ratio of the

volume of interconnected voids and frac-
tures in a rock mass to the total volume
of the same rock mass. The unconnected
voids dispersed in the intact -rock are not
considered, consequently effective poros-
ity of a mass is less than the total poros-
ity (ratio of void volume to total volume)

of the same mass.

In order to discuss crater formation
in various geologic media, it has been
found desirable to develop a system of
media classification which is useful in
the analysis of explosive excavation proj-
ects. Such a system, developed by the
Nuclear Cratering Group, is shown in
Table 1. The terminology and definitions
shown in Table 1 will be used throughout
this report when reference is made to

media.

b. Basic Cratering Mechanism

An underground explosion fragments
and ejects material by the combination of
a strong compressional wave and sus-
tained high pressures of the product gases,
The key events in crater formation are
illustrated in Fig. 3 for a charge bl_.lr.fi.ed'
at optimum depth in rock, and are de-
scribed as follows:

(1) Within milliseconds after the
detonation—see Fig. 3(a), the compres-
sional wave has propagated a distance
equal to the charge depth of burial. Be-
hind the wavefront particle motion is
radial and a state of compression exists.

(2) Surface spalling takes place —see
Fig. 3(b). Because compressional stress
cannot exist across the free surface, the
particles move upward with a velocity
equal to the sum of the Wave;particle
velocity and the velocity imparted by the
Be-

cause the rock has little strength in ten-

release of compressional stresses.

sion, the upward-moving particles will
pull free with considerable velocity,
When a surface layer has spalled off,
material beneath it experiences the condi-
tions which had existed a moment before
at the original ground surface. Spalling
continues, caused by a rarefaction or
tensile wave which propagates downward.

Spalling is not confined to the area
immediately above the charge. At some
critical distance from the charge a sur-
face layer is lifted at low velocity only
to fall back to its original position at a
later time. The critical distance is the
crater radius,

(3) Material above the charge fails —
see Fig. 3(c)—due to the combined effects

of the downward-moving rarefaction and
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Table 1. Media classification for explosive excavation.?

A, Primary Classification

I. Media
A, Common excavation
1. Soil
2. Clay shale
B. Rock excavation (generally requires drilling and blasting to excavate)1
1. Weak rock (<4,000-psi unconfined compressive strength)
2. Intermediate strength rock (4,000 to 16,000-psi unconfined compres-
sive strength)
3. High strength rock (greater than 16,000-psi unconfined compressive
strength)
II. Lithology (for rock excavation) or soil classification (for common excavation)
and geologic structures
III. Degree of saturation
A, Dry (<50% saturated)
B. Wet (50% < % saturated < 90%)
C. Saturated (>90% saturated)
IV, Joint spacing2
A. Very close (less than 2 in.)
B, Close (3 in. to 1 ft)
C. Moderately close (1 to 3 ft)
D. Wide (3 to 10 ft)
E. Very wide (greater than 10 ft)
V. Thickness of bedding2
A. Very thin (less than 2 in.)
B. Thin (2 in, to 1 ft)
C. Medium (1 to 3 ft)
D. Thick (3 to 10 ft)
E. Very thick (greater than 10 ft)
B, Secondary Classification
VI. Seismic velocity (compressional wave, Vp)
VII. Unconfined compressive strength values
VIII. Mass density
IX. Modulus of elasticity, E (taken tangent at 50% yield)
X. Abrasion

8Classification will be as refined as needed for the intended use.
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(a) Stress wave reaches surface

(e) Crater formation camplete

Fig. 3. Key events in crater formation,

the sustained gas pressure beneath it. A and spalled surface layers to produce a
recompaction of the material propagates second surface acceleration known as
upward through the previously fractured "gas acceleration.”” The cavity, filled



with the high pressure gases produced
by the explosive, expands preferentially

toward the surface because the stresses
on its upper boundary are relieved by the
rarefaction returning from the surface.

(4) The moﬁnd of fragmented material
has risen a distance approximately equal
to the charge depth of burial —Fig, 3(d).
The material is no longer cohesive enough
to contain the explosion gases, and venting

occurs, Asthe gaspressureis releasedthe

fragments assume freeballistic trajectories.

(5) Crater formation is complete —
Fig. 3(e).
been determined by the amount of material
which has fallen back into the initial void,

The apparent crater depth has

"In materials other than rock, the
mechanism of crater formation is sub-
stantially the same as for rock. The ini-
tial compressional wave and sustained
gas pressure from the explosion are both
But in

weak porous material, such as dry soil,

essential to crater formation,

the initial wave is severely attenuated.
Here the push from sustained gas pres-
sure is the predominant mechanism for
cratering. In another material —satu-
rated clay shale—the initial wave is by
far the predominant cratering mechanism.
The shale is compressible but transmits
the initial wave with little energy loss.
This characteristic is combined with very
low strength and a cratering explosion in
this material spalls a deep surface layer
at high velocity. The second surface
acceleration due to sustained gas pres-

sure is practically nonexistent.

c. Effects from Varying Charge Depth
of Burial

The foregoing discussion considered a

charge buried at optimum depth for crater

-10-

volume. The explosion produced a crater
of large volume by fragmenting a large
quantity of material and imparting suffi-
cient velocity to most of that material to
eject it from the true crater. An explo-
sion at shallower depth will fragmént
relatively little material but will eject the
material at high velocity. Conversely, a
deep explosion will fragment a large quan-
tity of material but will fail to eject it to
form an apparent crater.

Characteristic features of craters
formed by explosions at shallow, opti-

mum, and deep depths of burial in rock

are shown in Fig. 4.

{a) Shallow burial — 8 ft for 1 ton of TNT or

equivalent

(b) Optimum burial — 18 ft for 1 ton of TNT or

equivalent

(¢) Deep burial — 28 ft for 1 ton of TNT or
equivalent

Crater profiles for various
depths of burial,

Fig. 4.

N



(1) A crater formed by a shallow
detonation— Fig, 4(a)—has less fallback
material than a crater formed by a charge
at optimum depth of burial, Its depth is
equal toor greater than the charge depth
of burial, It is shallow in relation to its
radius, has a low lip, and has a relatively
small rupture zone,.

(2) The crater produced at optimum
depth of burial—Fig, 4(b)—is partially
filled with fallback. Usually the interior
surface of the apparent crater is an unin~
terrupted slope of fallback material from
the lip crest to the bottom. The lip height
and extent of the rupture zone are inter-
mediate between those for shallow and
deep burials.

(3) The crater formed by a deeply
buried explosion—Fig. 4(c)—is filled
with fallback. If the fragmented material
bulks s-o as to occupy a volume greater
than its original volume, the true crater
may be overfilled to form a mound. The

rupture zone is relatively extensive.

2.3 PREDICTION OF CRATER
GEOMETRY

Of the several means for predicting
crater size and geometry, empirical scal-
ing is the most practical for engineering.
It offers accﬁracy comparable to that of
elaborate computational methods while
requiring only a fraction of the time and
effort. In situations in which several
charges are used to form a row-charge
crater, empirical rules are the sole
means for predicting the results,

Since the apparent crater forms the
useful excavation, its size is of first
importance. Other crater dimensions,
such as lip height, are secondary but may

also be important for evaluating the en-
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tire crater for certain engineering
applications. ,

Although there may be few applications
for single-charge craters, the capability
This

capability forms the basis for predicting

to predict their size is essential,
the size of row-charge craters.

a. Empirical Scaling of Crater Radius
and Depth

The fundamental parameter in scaling

is a quantity which represents the ability
of an explosive charge to produce a cra-
ter. This quantity is not heat release,
maximum pressure, or mass, but is some
factor which takes into account all proper-

ties of the explosive and the medium, As

" indicated in the description of crater for-

mation, the initial shock and the pressure
after some gas expansion are both impor-
tant properties when an explosive is
detonated in rock., In weak materials the
gas pressure may be more important than
the initial shock. To avoid complications
in the scaling of crater dimensions, it is
presumed that the explosive is TNT, with
its particular set of characteristics, and
that the proper scaling parameter is
charge weight. If another explosive is
used, its effectiveness relative to TNT,
discussed in Chapter 4, may be introduced
as an adjustment to the computation,

In charge-weight scaling, crater di-
mensions are known for a reference
charge weight and are multiplied by a
scaling factor to predict the results for
other weights. The scaling factor may be
the cube root or the fourth root of the
ratio of the charge weights; or it may be
a fractional exponent lying between the
cube and fourth roots. The reference

charge in this discussion and subsequent
development is one ton of TNT,



Cube root scaling may be derived from
dimensional analysis by neglecting the
effects of gravity and dissipative condi-
tions, such as friction\.v With this form of
scaling a crater dimension, radius for

example, would scale as follows:

1/3

R, =1, (Y/Yg) (1)

where r, is the crater radius for a charge
having the weight Y (which is one ton),
and Ra is the crater radius for a charge
of Y tons. The crater depth and the
charge burial depth would scale similarly.

Cube root scaling gives reasonably
accurate scaling of those crater dimen-
sions and explosion effects which are
little influenced by gravity. It will also
scale all effects from small-scale explo-
sions in low strength materials, However,
it fails to scale accurately the crater di-
mensions, depth in particular, for explo-
sioﬁs of more than a few tons, Cube root
ehergy scaling will be used in this report
for certain analyses.

Another form of scaling which may be
derived by dimensional analysis and from
principles of similitude is fourth root
scaling, Although it is probably the fun-
damental form of scaling, a number of
similarity conditions it requires cannot
be met by explosions of less than several
thousand tons.

Empirical scaling has been developed
to provide a reliable scaling rule over the
range of charge weights most often used
in practical engineering situations. In
this form of scaling the scale factor for
crater dimensions is the ratio of the
charge weights raised to an exponent
which is intermediate between the cube
root and the fourth root. A commonly

accepted value for the empirical charge

weight scaling exponent, 0.3, is used here.
Another value, 1/3.,4, may be found in the
literature. The two exponents are so '
nearly equal that predictions of crater
dimensions would differ by only a few
percent if ong‘were‘_used in place' of the
other. ExtensiVe.cratering tests have led
to the conclusion that the éfn'p-irical scal-
ing exponent, 0.3, can be confidently
applied at depths of burial near optimum.
At very shallow or deep depths of burial
there would be less confidence in using
this particular value,

To apply empirical scaling it is nec-
essary to ascertain the crater dimensions
for the reference charge weight in the
medium being considered, and multiply
Usually, the

depth of burial, apparent crater radius,

them by the scale factor,

and appafent crater depth are the only
variables considered in scaling, Other
crater dimensions, such as lip height,
are expressed as some multiple of crater
radius, crater depth, or depth of burial,
Using a reference charge of one ton
the scaling factor, P, is determined very

simply:
P = YO'B, (2)

where Y is the weight in tons of the charge
the crater dimensions of which are to be
computed.

The charge depth of burial (DOB), the
apparent crater radius (Ra), and the
apparent crater depth (Da) would then be

computed from the relationships:

DOB = P (dob), , (3)
R, = Pr,, (4)
Da = Pda, ' (5)
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where dob, . and da are the depth of
burial and the crater dimensions for a
1-ton charge of TNT,

Often in practicethe charge weight re-
quired to produce a crater of specified dimen-
sion is the guantity to compLited. Inthis case
the specified carter dimension isdivided by
the corresponding crater dimension for a
1-ton charge to obtain the scale factor P.
Then the unkown charge weight, Y, may

.be computed by the simple relation:

vy =p338, (6)
In this form the relationship between
charge weight and scale factor clearly
indicates that great quantities of explo-
sive are necessary to produce 'large cra-
ters. In general, the linear dimensions
of a single-charge crater are doubled
when the charge weight is increased by a
factor of ten. Crater volume, being pro-

portional to the cube of linear dimensions,
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Fig. 5. Crater dimensions scaled to 1-ton charges of TNT or equivalentburied in dry rock.
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Fig. 6.
soil,

increases by a factor of eight when the
charge weight is increased tenfold.

The crater dimensions scaled to 1-ton
TNT charges in dry rock, dry soil, and
saturated clay shale are shown in Figs, 5,
6, and 7, respectively. The curves for
crater radius and depth are based on data
from experiments involving charge weights
from 0.25 to 500 tons, with charge weights
from 0.5 to 20 tons being most common.

_14_

Crater dimensions scaled to 1-ton charges of TNT or equivalent buried in dry

The cratering curves for dry rock are
based primaf‘ily on data from experiments
in basalt, a high strength rock, with some
verification from experiments in rhyolite.
The curves for dry soil apply to desert
alluvium, loess, dry sand, and materials
of similar physical properties. They also
apply to certain low strength sandstones.
The curves for saturated clay shale are

also reasonably valid for saturated sand.



The crater curves for dry rock and satur-
ated clay shale may be regarded as the
lower and upper limits, respectively, for
crater dimensions in materials not men-
tioned above.

For maximum efficiency, a cratering
charge is ordinarily buried at a depth
which will assure the greatest apparent
crater volume. In the three materials
considered here the optimum depths of

burial and the resulting crater dimen-

sions are listed in Table 2 for the range
of typical charge sizes. The burial
depths and dimensions for the 10- and
50-ton charges are simply those for the

0.3

1-ton charge multiplied by 10 and

500'3, respectively,

b, Supplemental Crater Parameters

Although the apparent crater radius
and depth are the first criteria for explo-

sive excavation design, parameters which
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Fig. 7. Crater dimensions scaled to 1-ton charges of TNT or equivalent buried in sat-

urated clay shale.
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Table 2.

Single-charge crater parameters for optimum depth of burial.

Charge size (tons)

1 10 50 1 10 50 1 10 50
Material Depth of burial (ft) Crater radius (it} “Crater depth (ft)
Dry rock 18 36 58 20 40 65 10 20 32
Dry soil 20 40 65 25 50 81 12 24 39
Saturated clay shale 18 36 58 27 54 87 13 26 42
Table 3. Supplemental single-charge crater parameters.
Saturated
Parameter Dry rock Dry soil clay shale
Lip crest radius (Ral) 1.2 R, 1.2 Ra 1.4 R,
Lip height (Hal) 0.25 D, 0.15 Da 0.45 Da
Radius of continuous ejecta (Reb)‘ 3.0 Ra 2,2 Ra 3.5 Ra
Radius of rupture zone at surface 4.4 Ra —_ 4,0 Ra
Radius of rupture zone at charge
elevation 1.1 R — 2.0 R
a a
True crater radius (R,) 1.0 R . 1.0 R 1.1 R
t a a a

describe the crater lip, the extent of the
ejecta, and the extent of the rupture zone
are useful, In Table 3 these parameters
are given in terms of crater radius, or
crater depth, and apply to craters pro-
duced by charges detonated at optimum
depth. With the exception of lip crest
radius, these parameters may vary over
The lip height, for

example, may vary by a factor of two

a considerable range.

around the perimeter of a typical crater.
Comparable variation may be expected
for the radius of continuous ejecta and

the size of the rupture zone, -

c. Row-Charge Cratering

In many applications it is necessary

to use an array of several charges to

produce a crater of suitable geometry,

_16_

The most simple and most common array
is a row of charges., The charges, usu-
ally five or more in number, are buried
along the alinement of the desired crater
with a horizontal spacing approximately
equal to the crater radius for a single
charge having the weight of one row-
charge member, A properly designed

row of charges will excavate a trench hav-
ing a smooth and uniform cross section
even though the charges are separated by
some distance, Furthermore, the exca-
vated volume per ton of explosive in the
row is greater than for a single charge in
the same material., The following discus-
sion of row charges is background for the
more detailed design procedures pre-

sented in Chapter 5.



Factors which influence the:size and
geometry of row-charge craters include
those involved in single-charge cratering
with the added factors of charge spacing
and time delay, if any, between detona-
tions of adjacent charges, Although the
depth of burial of a single charge may be
varied over a wide range to alter certain
crater characteristics, the depth of burial
for row-charge craters is restricted to a
narrow range near the optimum for cra-
ter volume because of limited experimen-
tal data, There are as yet no reliable
design procedures for row charges having
depths of burial other than optimum,

In the discussion of single-charge cra-
ters it was noted that crater dimensions
and depths of burial for any size charge
may be scaled from the crater dimensions
and depth of burial for a 1-ton charge.
Row crater dimensions and charge depths
of burial may also be scaled. The man-
ner in which this can be done will now be
described and the scaling parameter
developed.

A characteristic of row craters is that

their width (Wa) and depth (Dar) are gen-

erally larger than the diameter (2Ra) and .

depth (Da) of a single-charge crater
excavated by a charge equal in weight to
one of the charges in the row. This in-~
crease in dimensions is called enhance-
ment, and the size of a row crater can be
expressed in terms of single crater di-
mensions by means of an enhancement
factor (the scaling factor). Because the
enhancement of row crater dimensions
increases as the charge spacing is de-
creased, the size of a row crater
can be altered by changing the lay-
" out of the charges as well as their

weights. The characteristic of

_17_

enhancement is used in the design of
row charges.

As pl*e\riously mentioned, the exca-
vated volume per ton of explosive in a
row of charges is grea{ter than for a sin-
gle charge in the same material. This
fact can be stated by the following

equationS:
A e’s = kv
re - a: (7)
where

Ar = cross-section area of optimum
single~charge crater or unen-
hanced row-charge crater

e = enhancement of row crater
dimension relative to single-
crater dimension

S = spacing between charges in
. row

K = ratio of volume excavated by
charge in a row to V,

V5 = volume of the optimum single-
charge crater

The terms on the left hand side of Eg. (T)
simply represent the volume excavated
by each charge in the row, The enhance-
ment factor, e, is squared because the
width and depth of the row crater are
enhanced by equal amounts, Equation (7)

can be rewritten

v \1/2
a
e = n (8)

to show that the enhancement of row cra-
ter dimensions is inversely proportional

to the square root of the charge spacing.



Further, Eq. (7) may be written as -
2 Kva

¢ "ER GRY’ (9)
r a a

in which charge spacing is now expressed
in terms of the optimum single-charge
crater radius, this being the most con-
venient method of expressing row-charge
spacing., Now, it has been found that the
dimensionless quantity, Va/ArRa’ which
appears on the right-hand side of Eq. (9)
has a value of approximately 1.1 for an
extremely wide range of crater geome-
tries. This factor can be considered a
constant, and so Eq. (9) can be rewritten

again as

2 _1.1K

e =§ﬁa—. (10)

The factor K, which can be thought of as
the efficiency of a charge in a row com-
pared to a single charge, has been deter-
The best
current estimate for the value of K is

mined from several field tests.

approximately 1.3, which means that a
row charge is about 30% more efficient
than a single charge. Putting this value
into Eq. (10) results in the following

approximation:

2 1.4

e =’§/-R—a. (11)

Equation (11) relates the enhancement of
row-charge crater dimensions to the
charge spacing in the row. It can be seen
that a 'spacing of 1.4 Ra will result in a
row crater with no enhancement. Equa-
tion (11) is relied upon in Chapter 5 to
design row-charge craters.

An important adjunct of the concept of
enhancement is the fact that the depth of

burial of charges in a row must be the
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optimum single-charge depth increased
by the amount of enhancement. Enhance-
ment is discussed in greater detail in
Chapter 5.

The nominal length of a row crater
formed by N charges is S(N + 1), The
length of the crater segment having uni-
form cross section is equal to the dis-
tance between the first and last charges,
or S{N - 1),

first and last charges is less than twice

If the distance between the

the crater width, the crater will not be
linear but will resemble a single-charge
crater. For charge spacings of about one
crater radius, a minimum of five charges
is needed to assure that the distance be-
tween the first and last charges is approx-
imately twice the crater width.

In theory there is no reason why the
charge we'ight and spacing cannot be
simultaneously decreased to the point
where adjacent charges are in physical
contact. In practice, however, it appears
that certain end effects occur when a row
of many small charges is substituted for
These

end effects are recognized by a reduction

one having a few large charges.

in depth over the end charges and the con-
sequent flattening of slopes qualitatively
illustrated in Figs. 8(a) through 8(c).

It is not necessary that the charge
weight and spacing between charges
within the row charge be uniform. In fact,
there are many applications in which the
charge weight and spacing must be varied
to produce a uniform cut through varying
terrain. The design procedure for such
applications is detailed in Chapter 5.

In the preceding discussion it was
presumed that all charges in the row

were detonated simultaneously. If time

.delays are used to reduce ground shock
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Fig. 8.

or airblast from the detonation, a reduc-
tion in crater volume results, The mag-
nitude of this reduction will be influenced
by the delay interval that is used. Ex-
periments have indicated that time delay
firings of charges in a row will tend to
decrease the depth of the row crater. As
the delay time is increased the decrease
in crater depth approaches a limit as the
delay is made indefinitely long. For long
delays the crater depth is approximately
half that for the same row of charges
simultaneously detonated., The crater
width is reduced only slightly., Criteria
for use in designing delay intervals are

given in Chapter 5,

d. Multiple Row-Charge Cratering

In applications in which crater width

is more important than depth, it may be

Effects of charge size and spacing on row-crater end slopes (not to scale).

advantageous to use two parallel rows of
charges. Such a charge configuration is
detonated with a delay between the rows
and can be designed to produce a crater
typically one and one-half times as wide
as the crater from either row of charges
acting alone. The crater depth will be
approximately the same as for a single
row-charge crater. The design of two
parallel rows is discussed in detail in

Chapter 5. Investigations into the proce-

dures for designing excavations using
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three rows of charges have just been

initiated at the time of this writing,

e. Cratering in Media Overlain

by Water

In some applications of explosive

excavation, especially those related to

navigation improvement, the rock to be



excavated lies under water. The water
overburden has a pronounced influence
on crater characteristics. The inrush

of displaced water after the detonation
redistributes ejecta and may wash in
material which would otherwise remain
in place.

There are no reliable scaling rela-
tionships for predicting the size and
geometry of underwater craters. Al-
though the crater radius scales well when
the water depth is a fixed fraction of the
total charge depth of burial, the crater
depth may not scale similarly.

To make use of underwater cratering
on a practical basis it is necessary to
perform experiments to determine crater
geometry under the particular conditions
at the site. As a first approximation, the
underwater crater radius is assumed to
be equal to the radius for a land crater
in similar material and the depth is half
that of the land crater. In determining
charge depth of burial, the water layer
may be regarded as a layer of the bottom
material having a thickness equal to one-
half the water depth.

2.4 POSTSHOT MATERIAL PROPERTIES

Equally as important as an understand-
ing of the cratering mechanism and appli-
cable scaling laws is an engineering
knowledge of the nature of the excavation
and of the materials comprising the var-
ious crater zones., The properties of
these materials to a large extent deter-
mine the serviceability and practicality
of the excavation. It is highly desirable
to be able to predict postshot material
properties and future engineering be-

havior before the detonation. The site
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y
data discdssed in Chapter 3, which are
collected during the project planning
phase, are helpful in this regard. The
media being dealt with rahge from soil
through clay shale to competent rock.
Depending upon the use of the information,
the properties of intact specimens or the
properties of the mass of material, or
both, are measured. Seismic character-
istics, porosity, angle of fepose, various
moduli, density, and the common index
properties are examples., These material
properties must be used to determine
relevant engineering properties such as
permeability, compressibility, and
strength., The engineering behavior of -
the excavation, including seepage, settle-
ment, and slope stability, can be pre-
dicted by proper evaluation of these engi-
neering prdperties. It is the predicted
engineering behavio: of the resulting
excavation that is used in conjunction
with design techniques to forecast the
capability of explosive excavation to meet
project needs, and to estimate the scope

of complementary construction activities,

a. Properties of Crater Rubble

The material comprising the fallback
and ejecta has been fractured by the ex-
plosion, broken into particles of various
sizes, lifted into the air or sloughed down,
and redepbsited in a somewhat predictable
If the

detonation is in rock, the rubble is more

pattern, This is crater rubble,
or less loose blocks of material, the
faces of which are preexisting discontinu-
ities or blast-induced fractures.

The size distribution of ejecta and
fallback particles is a function of the
nafural material characteristics. The

size distribution is also influenced by the
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type of explosive and the charge depth
of burial.4 It should be noted that subse-
quent weathering may cause the particle
size distribution of clay shales to bé
altered significantly, Figure 9 gives a
general range for rubble gradation. The
two curves shown are limits within which
the particle size distribution curves, as
determined by sieving for all available
test craters, were found to lie., Material
properties investigations made to date at
rock crater sites indicate that gradation
of the rubble is related to the preshot
fracture pattern and to the type of mate-
rial.1 Figure 10 shows both a gradation
curve developed by sieving and a curve
developed from preshot in situ borehole
photography data for the Pre-Schooner
Delta crater.™ The use of preshot bore-
hole photography data as thé basis for the
prediction of final rubble size has met
with moderate success.5

The bulking factor (BF) of rubble for

several craters has been determined by

*Tables Al and A2 in Appendix A list
all major cratering experiments.
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measuring the bulk density of the mate-~
rial before and after a shot.- The results
of these investigations indicate that the
bulking factor will be between 1.1 and 1.6
for craters from charges at optimum
depths of burial.6

The porosities of rubble have been
evaluated at a number of experimental.
craters. Total porosity is the sum of the
initial porosity and An, the increase
caused by the bulking. This increased
porosity is related to the bulking factor
(BF) by the expression:

An=1- . (12)
BF

Table 4 gives the increased porosities
for the range of bulking factors found to
be typical of craters-in rock. On the
basis of the data from experiments, it
appears that basalt fallback materials
have total porosities of 30 to 62%, includ-
ing initial porosities., These values are
similar to those for structures such as

rock-fill dams.? ”

>::See Table 17,
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Fig., 11,

Representative values of blast-
induced fracturing and porosity
in rupture zone (adapted from
Ref. 6).

b. Properties of Rupture Zone

Deformations occur in the rupture
zone in the form of.blast-induced frac-
tures, opening of existing fractures, and
shearing action, accompanied by signif-
icant displacements, These deformations
have been visually noted in the lip up-
thrust, which is that portion of the crater
rupture zone above the original preshot
ground surface. Exploratory drilling in
the rupture zone below the preshot ground
surface has provided information on the
increase in the intensity of fracturing. In
the portion of the rupture zone near the
true crater boundary, fracturing in-
creases in intensity by several hundred
percent as compared to the preshot in
situ fracturing (Fig, 11). The majority
of blast-induced fractures are alined in
a direction nearly parallel to natural
fractures,

The effective porosity of the materials
in the rupture zone is increased signifi-
‘cantly as a result of the cratering detona-
tion. This increase is due primarily to
the opening of both natural and blast-

induced fractures. Investigations of sev-
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eral craters in basalt, having a preshot
effective porosity of approximately 2%,
have indicated blast-induced porosities
of as high as 25% near the true crater
boundary.6 Figure 11 schematically
illustrates the decrease in blast-induced
fracturing and effective porosity with

distance from the true crater boundary.
2.5 SUMMARY

Empirical data have been used effec-
tively to develop scaling laws which pre-
dict the size and shape of explosively
produced craters to an acceptable degree
of accuracy. This information is used in
Chapter 5 as the basis for the design of
explosive excavations. The critical prop-
erties of the crater materials have been
discussed to provide a better understand-
ing of their nature. Although a zone of
rubble and a rupture zone are a charac-
teristic consequence of an explosive
excavation detonation, the properties of
the material comprising these zones are
measured by commonly used engineering
methods. The collection of field data and
the relationships between these material
properties and the engineering behavior

of the crater are discussed in Chapter 8.

Table 4. Increased porosities as deter-
mined from bulking factors.
Increased
porosity, An
Bulking factor (%)
1.1 9
1.2 17
1.3 23
1.4 29
1.5 33
1.6 38
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Chapter 3

Applications

3.1 SCOPE

The use of explosive excavation
techniques are potentially favorable for
projects in remote areas where large
quantities of rock must be excavated,
speed of construction is essential, and
weather and terrain prohibit or severely
restrict the prolonged use of heavy equip-
ment. These types of projects have stim-
ulated and guided the development of
explosive excavation technology. This
chapter first discusses broad project
considerations which are important dur-
ing feasibility studies and field investi-
gatiolns leading to an explosive excavation
design. Next, the types of projects which
lend themselves to explosive excavation
techniques are introduced and some of
the relevant criteria for each type of
project are discussed. Many of the points
mentioned briefly in this chapter are
developed in considerable detail in later
chapters.

3.2 GENERAL CONSIDERATIONS

The project design establishes criteria
which must be satisfied regardless of the
These

project criteria are principal constraints

method used for construction.

in the development of an explosive exca-
vation design just as they are for conven-
tional excavation. A measure of the
suitability and the economy of explosive
techniques for certain projects is the
degree to which the explosive excavation

can be made to match the necessary
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project dimensions, and usually these
dimensions have been established by
consideration of conventional methods
only. Explosive excavation designs can
be varied to achieve a variety of excava-
tion configurations; however, excavations
which best utilize the typical hyperbolic
cross section of a crater are best-suited
to explosive excavation at the present
state of the technology. As an additional
point deserving special emphasis, explo-
sive excavation can be used alone, but it
most likely will be used in conjunction
with conventional means to meet project
needs.

For preliminary estimates, sufficient
data are needed to reasonably determine
explosive charge requirements and posi-
tioning, to predict explosion effects, and
to develop cost estimates. Assumptions
may be necessary if data cannot be ob-
tained from site reconnaissance and
reference material. The need for addi-
tional site data, research, and calibration
detonations to verify assumptions and to
refine preliminary designs, safety, and
cost estimates should be identified in the
feasibility estimate,

The criteria pertaining to the portions
of the project considered for accomplish-
ment by explosive excavation should be
determined as specifically as possible,
Other project criteria may have an indi-
rect bearing on the explosive excavation
and should be developed in general terms.

Topography has a major influence on
required explosive charge size and exca-

vation design. The initial design most



likely will be prepared from available
topographic information but will require
refinement when detailed topography is '
obtained at a later stage. Water depth
information is important in underwater
applications and in harbor excavation
siting, Water depth will have a signifi-
cant bearing on the quantities and the
cost of excavation and breakwater con-
struction., Currents, tides, and waves
will influence field procedures, the cost
of emplacement construction, and the
guantities and cost of detonation con-
struction. '

The geologic composition and the
structure of the medium in the area of a
contemplated explosive excavation will
have a pronounced influence on emplace-
ment construction, cratering results,
and overall design for the construction
project. The media should be classified
in as much detail as possible using
Table 1 as a guide for the properties of
interest. For the preliminary feasibility
estimate, unless otherwise obvious, it
may be assumed that structural disconti-
nuities or faults are not present; however,
it must be recognized that variations in
the medium, stratification, and bedding
could affect the cratering mechanism,

The in situ joint and fracture pattern will
affect the particle gradation of the crater
rubble. Low strength rocks and deep soil
deposits might develop long-term slope
stability problems. Groundwater infor-
mation is important as a part of the
explosive selection process. If the explo-
sive charges are to be placed in water,
the more costly water-resistant slurries
will be required. The seismic velocity

of the medium is important for evaluation

of ground shock effects.
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Ground shock and ajrblast effects .

"could influence the safety and economic

feasibility of explosive excavation on a
given project. Usually, potential damage
to structures is the major concern. The
distribution of dwellings and other struc-
tures should be determined by range
from the contemplated explosive excava-
tion site. At the preliminary feasibility
estimate stage, the distribution could be
determined from the population dispersion
and the average number of people per
dwelling or structure. Airblast damage
predictions can be made for standard
atmospheric conditions and revised later
on the basis of temperature inversion
Other

potential safety problems should be

and velocities of winds aloft.

identified in the feasibility estimate.

The environmental and ecological
effects of the proposed project must be
analyzed, Appropriate State and Federal
Agencies should be contacted early in the
planning stages to discuss the effects of
the project on natural shore processes,
marine and wildlife habitats, forest and
woodlands, and the hydrologic cycle.
Measures for reducing adverse effects on
the environment should be considered and
incorporated in the design as appropriate,
The environmental considerations arising
from the detonation of large charges are
discussed in Section 6,8 of Chapter 6.

The remainder of this chapter explores
possible applications, both tested and con-
ceptual, which are or appear to be feasible
with chemical explosive excavation tech-
nology. In each section the primary con-
siderations for developing a design for the
application are briefly stated. These con-
siderations and data concerning the site

media collected according to Table 1 are



used by the engineer to develop prelimi-
nary designs of the crater configuration
best suited to the application, Specific
projects which illustrate the application
are included where possible to give the
"feel" of the size of excavation which can
be accomplished. The relationship be-
tween project dimensions and charge size
will be develope\d in Chapter 5. Safety
considerations and the detailed safety
analysis, to which every design must be

subjected, are discussed in Chapter 6.
3.3 CANALS®

Canal construction by use of explosive
excavation techniques has been the subject
of extensive studies and investigations,
and the stimulus for many tests conducted
by the Corps of Engineers and the Atomic
While

these studies have concentrated on the

Energy Commission since 1965,

feasibility of using nuclear explosives for
the very large excavations required for a
sea-level canal in the Central American
Isthmus, they suggest that it is practical
to consider the use of chemical explosives
for canal construction. For smaller
canals the use of chemical explosive
charges may prove to be a desirable
choice. -

A canal constructed by the explosive
excavation method would be formed by a
linear crater designed to use one or more
rows of charges, The charges might be
detonated all at once, in an ordered
sequence, or the length could be divided
into short segments and each segment
detonated independently of the others.

The typical crater cross section could be

“Limited testing of concept.
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used with little or no modification. The
design would ordinarily specify a certain
width of excavation at a specified depth,
The overdepth in the center of the crater
would reduce future maintenance costs,
Simple projects of this type can be accom-
plished by- current techniques.

Important factors which will have an
influence on the explosive excavation
design include: the route of the canal, the
engineering properties of the site medium,
and such engineering requirements as '
length, width, and depth (navigation prism),
and side slopes of the canal.

An excellent example of a canal exca-
vated by chemical explosives is the Pre-
Gondola series of row craters at Fort
Peck, Montana.1 These craters were
produced as a part of an experimental
cratering program carried out by the
Nuclear Cratering Groﬁp and are dis-
cussed in detail in Appendix B, Figure 12
gives a good indication of the size of the
completed canal, its total length measur-
ing 1370 ft. The crater width at water
level averages 150 ft, and the water depth

at centerline averages 26 ft.
3.4 WATERCOURSES

A watercourse is defined as a canal,
channel, or ditch for the specific purpose
of moving water from one geographic
area to another. Examples of water-
courses include irrigatibn and drainage
ditches, floodways, and spillways.

The shape of explosively formed row
craters is well-suited to some applica-
tions of this type. The craters used for
a watercourse would be similar to those

“Limited testing of concept.



Fig, 12, The 1370-ft Pre-Gondola "capal" (boat is 42-ft tugboat).

used for a canal. The requirement for a
navigation prism would ordinarily not be
required.

The primary design consideration in
these applications is the discharge capac-
ity of the watercourse which is established
by project criteria and is reflected in the
cross section, depth, and gradient of the
channel, Side slopes must be stable,
Other factors important in the design
include those discussed for a canal.

Spillways or connecting channels asso-
ciated with dam and lake projects are
typical types of watercourses which have
been studied and found to be amenable to

explosive excavation technology. Simple

-27_

projects of this type can be accomplished
using design criteria presented in this

report.

3.5 HARBORS

The construction of a harbor for small
to medium size boats, on land adjacent to
water or offshore in shallow watef, is
within the capability of chemical explosive
excavation technology, A harbor complex
will normally consist of a mooring basin,
The

major considerations in harbor excava-

a turning basin, and an inlet channel.

“Limited testing of concept.
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Fig. 13. Aerial view of Project Tugboat site, Kawaihae Bay, Hawaii, showing areas

excavated with explosives.

tions are the size and depth of the basin
and channel., The harbor must be large
and deep enough to accommodate the boats
éxpected to use the facility, In certain
regions the mean tidal range will be an
important factor in fixing the required
depth.

The size of the harbor basin will dic-
tate the use of single or multiple rows of
charges for the excavation design. Al-
though not yet verified by tests, it appears
reasonable that the excavation can be de-
signed such that the crater lips produced
by large detonations in rock could serve
as a rudimentary and perhaps adequate
breakwater for some projects. Some
harbor projects could be accomplished

with current techniques; others might
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involve conceptual designs which would
require further testing.

An example of a certain type of harbor
capable of being produced by explosive
excavation is illustrated by Project Tug-
boat, a small boat harbor excavated off-
shore in coral material at Kawaihae,
Hawaii, by the Nuclear Cratering Group
in April and May 1970, Figure 13 is an
aerial view of the harbor site. The design
requirement was for an entrance channel
12 ft deep, 120 ft wide connected to a
berthing area 12 ft deep and 240 by 240.ft.
(refer to Fig. 13). The coral, a low
strength porous rock, was under 6 ft of
water. The excavation design used a row
of eight 10-ton charges for the channel

and a square array of four 10-ton charges



for the berthing basin. The results proved

this design to be conservative, Project
Tugboat is described in detail in Appen-

dix B.
3.6 CHANNEL IMPROVEMENTS "

Explosive excavation shows great
promise as a means of widening and deep-
ening existing river and intracoastal
waterway channels and of removing navi-
gational hazards such as rock outcrops
and shoals, The depth and width of the
navigation prism are the principal crite-
ria affecting an explosive excavation
design. These criteria, in turn, are
' dependent on the vessels using the water-
ways and the traffic plan, and will be
influenced by local site conditions to
include meterofogic, hydrologic, and
geologic data—in the same manner as
harbors. Single-row craters may be
used in some instances, but it is expected
that most projects of this type will be
underwater rock removal projects
requiring multiple rows of charges fired
with delays between rows, Some addi-
tional testing is needed to prove the
concept.

The application of explosive excavation
to projects of these types is expected to
result in considerable dollar savings over
Furthermore, diffi-

cult blasting and local site conditions may

conventional means.

make explosive excavation the only feasi-
ble method of undertaking certain projects
of this nature., For these reasons the use

of multiple rows of charges for under-

*Very limited testing of concept.
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water rock removal is under active
investigation at the time of this writing.

- An example of a large chemical explo-
sive detonation for obstacle removal is
Ripple Rock.2
plished by the E, I. du Pont de Nemours
and Company, under contract to the Fed-

This project was accom-

eral Department of Public Works in
Canada., Prior to the blast, Ripple Rock
was a steeply peaked ridge situated in the
middle of the 2500 ft wide Seymour Nar-
rows about 110 mi north of Vancouver,

British Columbia (Fig, 14).-" Seymour

E—

Maud
Island

Quadra
Island

. 2500 ft

1400 ft East
l Channel
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—»to North Peak | South Peak
Vancouver West
Seymour ch l
Narrows anne
ancouver ls.
Fig. 14. Location of Ripple Rock in Sey-

mour Narrows (from Ref, 2).

Narrows is part of the main shipping
channel known as the Inside Passage to
Alaska. Before the elimination of Ripple
Rock, only ships capable of overcoming
a 12- to 15-knot current and having good

maneuverability could pass the rock,

except at slack tide.

Early efforts to remove portions of
the rock with small-scale blasting had
been unsuccessful, The rock consisted
of relatively sound volcanics, basalt, and

andesite which contained no large void




spaces. The plan for demolition called
for charging "coyote tunnel’s"* dug par-
allel to the long axis of the rock and
arranged to follow the cross-sectional
shape. The ''coyote tunnels'" were -
reached by an access tunnel 120 ft below
the surface. Preparations for the blast
required 30 mo, Approximately 1378 tons
of "Nitramex'' 2H, a high density blasting
agent, were used. The blast sucéesSfully

cleared the channel.
3.7 HIGHWAY AND RAILWAY cUTsT -

The principal criteria for the develop-
ment of an explosiv‘e excavation design
for highway or railroad cuts are the re%
quired width of the cut at the finish eleva-
tion and the location of the groundwater
table., The requifed—width—at-specified"l-

depth criterion is somewhat analogous to

In some operations the most economi-
cal blasting results can be obtained by use
of a large concentrated charge, or several
charges, properly located in one or more
small tunnels driven in the rock forma-
tion, ''Coyote tunnels' are usually hori-
zontal and about 4 or 5 ft in cross section,
which is just large enough to provide
working space. Tunnel driving is accom-
plished by conventional means applicable
to small headings. The simplest ''coyote'
layout consists of a main stem or adit
perpendicular to the hillside with a single
wing or crosscut at the back end driven at
90 deg to the left and right. Many modifi-
cations of this arrangement can be used,
depending on the particular requirements,

"Coyote' blasting is a form of explo-
sive excavation technology resembling
explosive quarrying, The difference lies
in the method of design and consequent
operational procedures, When charges
are designed and emplaced according to
the procedures based on systematic
studies and testing as presented in this
report, the term explosive excavation or
explosive quarrying is preferred.

TLimitec] testing of concept.
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the navigation prism reqﬁirement for
canals, The water content of the sub-
greide is important in this case because it
will influence the stability of the highway
or railway, Proper drainage measures
must be provided throughout construction,
A thorough analysis of surface runoff pat-
terns, percolation, seepage, and storage
in the vicinity of the project site is
important,

" Highway and railway cuts may be
obtained with single or multiple row-
charge craters. The fallback and ejecta
are potential sources of subgrade mate-
rial., If the rubble material is of suitable
quality, the costs of producing, hauling,
and placing aggregate from another site
can be eliminated. '

An experimental demonstration project
of a railway cut was tested in December
1970 by the Nuclear Cratering Group at
the Trinidad Dam and Lake Project in
Colorado, The explosive excavation de-
sign was prepared in accordance with
procedures in Chapter 5 of this report.
The design used two parallel rows of
charges. One row contained eighteen
1-ton charges which were detonated
simultaneously followed by the second
row of twelve 2-ton and two 1-ton charges
simultanebusly detonated 150 msec later,
Approximately 18,000 yd3 of sandstone-
shale were excavated leaving a broad
relatively flat-bottomed crater over
400 ft long and up to 30 ft deep virtually
coincident with the predicted size and
shape., Figure 15 shows a typical cross
section achieved by the detonation, This
experiment was an excellent illustration
of the capability of explosive excavation
for projects of this type. It is discussed
in detail in Appendix B. |
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3.8 QUARRIES AND ROCK
FRACTURING™

The conventional method of quarrying
is to detonate rows of small column
charges. The result is the production of
rock in relatively small batches. The
technique proposed here is to detonate
concentrated charges of tens of tons
below the optimum depth of burial for
cratering., A significant quantity of frac-
tured rock can be produced without eject-
ing the material great distances. The
size of the charges, the depths of burial,
and the natural joint and fracture pattern
will influence the particle size distribu-
tion of the aggregate, and the quantity
obtained from such detonations. Recov-
ery of the material would be facilitated if
the detonations were in a hillside sloping
30 deg or more. Testing is required to
prove the concept.

A variation of explosive quarrying is
the "bulking' or "mounding' of rock with
charges detonated at or near quarrying

depth, The broken material is removed

*Primarily conceptual applications.
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Typical cross section of Project Trinidad railway cut (at station 94+60).

from the true crater by conventional
means. This approach appeafs to be
more economical than cratering when the
matérial excavated must be used for fill.
For ''mounding'' detonations, it may be
possible to control the limits of fracturing
by certain conventional blasting techniques,
such as presplitting or preshearing. Test-
ing is required to prove this concept.

An example of a quarrying application
used in Australia was reported by the
Engineering News Record in July 1970.3
According to the report, 500 tons of explo-
sives were used to produce 1.5 million
yd3 of fill for the Ord River Dam., As in
the Ripple Rock project, the ''coyote tun-
nel"* technique was used with a single

charge designed to shatter the quartzite

"The 'coyote tunnel" technique is par-
ticularly adaptable to quarries and heavy
sidehill cuts where conventional drilling
methods are impractical because of high
costs. The method is generally limited
to conditions in which the desired degree
of fragmentation can be obtained simply
by displacing a large mass of material.
In many cases, 'coyote'' blasting is ideal
for the production of large rock such as
jetty stone or riprap.



into usable sizes for rock fill, The explo-
sive energy went into fragmentation,
barely lifting the mountain, with talus
sliding down the slope into a prepared

area ready to load out,

3.9 EXPEDIENT (BLASTED-INTO-
PLACE) DAMS™
Construction of blasted-into-place
dams with explosives is limited by topog-

raphic and geologic factors. An ideal

site where this concept may be applied is '

a deep, narrow river canyon, Charges
are emplaced and detonated in one or both
canyon walls in such a manner that mate-
rials are ejected across the canyon and
the stream is blocked., Dams constructed
by this technique might serve as coffer-
dams to divert streams during construc-
tion of the major structure. Testing is
required to prove the concept.

An example of the application of high
explosives to create a dam across a nar-
row canyon in the Soviet Union was re-
ported by the Engineering News Record
in May 1968.%

the detonation of 2,000 tons of explosive

The report indicated that

emplaced in one canyon wall along the
Vakhsh River ejected 2.6 million yd3 of
material across the river, depositing the
material in the form of an embankment

which successfully blocked the river,
3.10 OVERBURDEN REMOVAL”

Overburden stripping with single or
multiple rows of explosive charges has
great potential for exposing mineral
deposits and quarry rocks. By careful

control in the positioning and detonation

*Primarily conceptual application.
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of the charges, deep deposits of ore or
rock can be exposed quickly with a possi-
ble savings in time and labor over con-
ventional means., The depth of the deposit,
the surface relief, and the geologic char-
acteristics of the overburden are the
important considerations in determining
the excavation design. A time delay be-
tween the firing of rows of charges may
prove to be advantageous in this concept.
Testing is required to develop the tech-

nique.
3.11 SUMMARY

The types of projects presented in this
chapter include those which have been
tried and proved and those which are still
conceptual. Keeping in mind that the idea
of explosive excavation and the techniques
for applying it to various projects are
new, it is recommended that all large
excavation projects be evaluated for
accomplishment by both conventional and
explosive means. If both techniques are
considered suitable, then the decision as
to which to use will usually be decided by
cost analyses, For certain projects in
some areas explosive excavation may be .
the only logical choice because of the
inadequacy of or exceptional difficulties
in applying conventional techniques.

Table 5 is a listing of the project and
site data needed to develop preliminary
designs and to analyze the feasibility of
using explosive excavation on the types of
With

few exceptions, the information required

projects discussed in this chapter.

to evaluate a project is the same as that
required when the excavation is to be .

accomplished by conventional methods.

As a result, little alteration of data



Table 5. Project criteria and site data required to develop preliminary designs and to
analyze feasibility of using explosive excavation techniques.

Application

Canals
Watercourses
Harbors

Channel deepen-
ing, widening;
obstacle removal
Highway,
railway cuts
Quarries
Expedient dams
Overburden removal

Criteria or data required

A, Project Criteria

w
w

Project width at project depth
Alinement limitations

Gradient limitations

MooKoX X

Subgrade specifications

WooKOK K

Cross-section area requirements
Plan dimensions X X

Volume requirements

KoMK X K
w

Gradation limitations

B. Site Data

Project topography
Hydrographic survey data
Currents

Tides

Wave statistics

MoOoKOoOM K K M
oM X M K X
MooW oM X K X

General regional geology
Local geology (as necessary)
Type of material
Density
Moisture content
Strength
Seismic velocity
Bedding attitudes

Structural discontinuities

T T T

LT I A

Joint and fracture pattern
Water table

Nearby structures survey

F T T T T T

Temperature inversion statistics

L T . ><A L
MoK oM oM X K K K X K X X
FI T T T T o T T
L T T T T -
MoW oM XM K X X K X X X X

KooK K X

Wind aloft velocity statistics

1
(%]
W

1)



collection programs is required to incorpo-

rate a study of the feasibility of using the

explosive excavation method.
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Chapter 4

Explosives

4.1 SCOPE

This chapter discusses the chemical
explosives (high explosives and blasting
agents) which are most likely to be used
as large cratering charges for explosive
excavation projects. All common com-
mercially available types of cratering
explosives are listed and discussed as to
their properties, cratering effectiveness,
energy content, and cost. Techniques for
the initiation of large charges are dis-
cussed. Guidelines are provided for
selecting cratering explosives, Discus-
sions on energy equivalence and on the
total cost of emplaced charges are in-
cluded. Procedures for selection based
on a cost analysis are presented in Chap-
ter 9. Appendix C contains additional
basic informat:lon about explosives and
the detonation process, classification and
shipment regulations, and methods of
verifying explosive properties of interest

for cratering applications,
4,2 CRATERING EXPLOSIVES

a, High Explosives

Common pure high explosives (HE)
and certain high explosive mixtures are
listed in Appendix C. Because most of
these explosives are relatively expensive
and have pressures too high to be useful
as cratering explosives, they are not dis-
cussed here, Only TNT and nitromethane
have been extensively used as cratering
charges. TNT continues to be used as a
reference explosive; however, it is be-

coming increasingly difficult to obtain
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commercially, Nitromethane, because it
is a low-viscosity liquid, cannot be used
unless it is contained in leak-tight

canisters.

b. Nitrate-Based Explosives

Ammonium nitrate (AN)is currently
the least expensive primary ingredient
for cratering explosives. A common fer-
tilizer, AN can be made to detonate when
properly confined and strongly initiated.
In dry powder form AN is susceptible to
spontaneous deﬂagration* and possible
detonation if stored in large quantities,
For explosive applications, ammonium
nitrate prills, that is, pea-sized pellets
with very high porosity, are usually em-
ployed because they are easier to handle
and are more stable.

Pure ammonium nitrate contains an
excess of oxygen. When detonated, it

produces N2, HZO’ and O, and liberates

327 cal/g.1 Oxygen balancze is achieved by
adding 5.5% fuel oil which is readily ab-
sorbed by the prills. Upon detonation it
produces HZO and N2 and liberates

890 cal/g, or approximately three times
as much energy as pure AN, A mixture
of 94.5% ammonium nitrate prills and
5.5% fuel oil is termed "ANFO" (ammo-
nium nitrate —fuel oil) and is the least
expensive cratering explosive currently
available. Numerous firms manufacture
ANFO commercially at prices ranging
from 2 to 10 cts/lb. The cratering char-

acteristics of ANFO are very similar to

*See Appendix C for a discussion of
deflagration,



The cost
of ANFO, however, is less than a third

TNT and 60% gelatin dy'namite.2

as much,
ANFO has two major drawbacks: (1)
its low density (0.8 to 1.0 g/cmS), which

results in higher costs-in emplacing the
explosive below ground than other explo-
sives which achieve comparable perform-
ance with a smaller volume, and (2) its
hydroscopy —ANFO readily absorbs
moisture which rapidly increases its de-
composition rate and destroys its capac-
ity to detonate (for example, with no
water ANFO will detonate satisfactorily
in a 1-in, steel tube, but with 5% water,
the critical diameter for this degree of
confinement is increased to about 4 in.)3;
consequently, if groundwater is present,
ANFO must be placed in sealed packages,

thereby raising emplacement costs.

Mixtures of ammonium nitrate powder
and high explosives, usually TNT, have
been used for years as inexpensive
oxygen-balanced explosives. Such mix-
An amatol
containing 80% AN and 20% TNT is almost

perfectly oxygen-balanced, Amatol-water

tures are termed "amatols."

mixtures are slurry explosives and are
discussed in Section 4.2d. Properties of
AN, ANFO, and some amatols are listed
in Table 6.

c. Metallized Explosives

The addition of powdered aluminum to

‘ammonium nitrate ideally produces HZO’

A1203, and N2 when detonated and liber-
ates up to 1975 cal/g or about twice the
energy release of ANFO.1 An oxygen-
balanced mixture of AN and Al corre-

sponds to 18,4% aluminum by weight,

Table 6. Properties of AN, ANFO, and ama’cols.s’4
Detonation Detonation Heat of
Densit g pressure velocity detonation

Composition (g/cm?) (kbar) (m/sec) (cal/g)
AN powder 1,07 44 4100 327
Prilled AN 0.81 33 4100 327
98% prilled AN

2% fuel oil 0.80 40 4100 570
94.5% prilled AN

5.5% fuel oil 0.83 60 4560 890
90% prilled AN
10% fuel oil e 45 4100 760
80% fine AN
20% TNT 1.46 88 5100 950
50% fine AN?
50% TNT 1,55 139 7000 960
50% coarse AN?
50% TNT 1.0 56 5500 900

a . . . .
Energy release is a function of density as well as composition,

The composition of

the detonation products depends upon the temperature and pressure of the reaction,
For example, TNT at low density produces large amounts of CO but little COgp and free

carbon,
more energy is also released.
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At high density, less CO is produced but more COsp and C,

In the latter case,



More aluminum can be added if additional
oxygen is available, Water is sometimes
added to provide extra oxygen, Dry mix-
tures of ammonium nitrate and aluminum
are called "ammonols."

In practice, the aluminum reaction is
very complex and does not proceed
directly to A1203.
tially formed in the reaction zone behind

Usually A120 is ini-

the detonation wave and the more stable
A1203 formed farther back in the detona-
tion products. The time required for the
aluminum reaction depends upon the
surface-to-volume ratio of the aluminum
particles or flakes., A low ratio (i.e.,
large particles) can actually reduce deto-
nation pressure as the aluminum initially
acts somewhat as a diluent. Since the
reaction continues well behind the detona-
tion front, relatively high pressures can
be maintained for some distance, the
result being a detonation wave with low
peak pressure but a comparatively flat
pressure profile behind it. Once trans-
mitted into the medium, such waves decay
less rapidly than the spiked shocks pro-
duced by nonmetallized explosives so that
their influence can be felt over a greater
distance,

While the 18.4% aluminum figure for
ammonol is the theoretical value for oxy-
gen balance, the aluminum particles will
in fact contain surface oxides. Depending
upon size distribution and quality, any-
where from 20 to 25% aluminum is actu-
ally required to achieve oxygen balance
with dry ammonium nitr.'ate.3

An important effect of the aluminum
reaction is to increase greatly the gas
bubble energy.E”6 The result is a reduc-
tion of the ratio of shock to gas bubble

energy —an effect which is beneficial for
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cratering. This effect, as it- occurs in
water, is shown in Fig, 16 and is dis-
cussed further in Appendix C.

Aluminum and high explosive mixtures
have been used in military applications
for many years, A mixture of TNT and
aluminum is called "tritonal.” Properties
of some ammonols and tritonals are
listed in Table 7,

d. Slurry Explosives and Blasting Agents

The various nitrate-based explosives
previously discussed, (AN, ANFO, amatol,
ammonol, etc,) typically suffer from one
defect or another such as poor water
resistance, excessive sensitivity, or
poor storageability. Their desirability
as cratering explosives is thus impaired.
Through the addition of water, stabilizing
agents, and gelling agents, not only are
most of these problems overcome but
handling of the explosive is simplified.
Such mixtures are called slurry explo-
sives when they contain high explosive
ingredients; they are called slurry blast-
ing agents when they do not contain such

ingredients.
© 2.0
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Fig. 16, Effect of aluminum on under-
water shock and bubble energy
(calculation of aluminum-to-
available-oxygen ratio is given

in Appendix C),



Table 7. Properties of dry aluminized explosives.g’4
. Detonation Detonation Heat of
Densﬁg' pressure velocity detonation
Composition (g/cm?) (kbar) (m/sec) (cal/g)
Ammonols:
90% AN ’
10% AL 1.28 115 6100 990
80% AN
20% AL 1,27 130 6400 1470
70% AN
30% AL 1.2? 111 5800 1370
Tritonals:
80% TNT®
20% AL 1.42 85 4930 1100
a
80% TNT
20% AL 1,79 125 7020 1750

85ece footnote a in Table 6.

In recent years, slurries have become
widely used in mining and blasting opera-
tions., They have the advantages of high
energy release, ease of shipping, storage
and emplacement, and relatively low cost.

The chemically active ingredients in
most slurry explosives are AN, TNT, and
water, while in slurry blasting agents
they are AN, water, and sometimes
sodium nitrate or aluminum,

The gelling agent in slurries serves
two purposes: (1) it insures a homogene-
ous mixture and prevents settling of com-
ponents, and (2) it facilitates handling.
The slurry and gelling agent can be mixed
while the explosive is being pumped into
the emplacement cavity where the slurry
cures to a rubbéry or jelly-like solid
which is water resistant. Perfect cou-
pling with the surrounding medium is thus
assured, and void spaces within the explo-
sive are minimized. Most slurries are

heavier than water (1.2 to 1,9 g/cms) and,
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being highly water-resistant, may be
emplaced under water.

Typical slurries contain 40 to 75% AN,
15 to 25% water, 1 to 5% stabilizing and
gelling agent, and the rest made up of
aluminum, high explosive, or both, Some
properties are given in Table 8, Crater-
ing performances; cost, and other data
are given in Table 9 with similar informa-
tion for other explosives.

Ammonium nitrate slurries are fre-
quently shipped and stored in plastic bags.
They can be stored in most containers,
including aluminum or steel (unless HNO3
is a constituent); however, because the
slurries are new, the effects of long-term
storage are not well-known. Slurry blast-
ing agents are very insensitive to flame
and normally cannot be detonated with a
No. 8 blasting cap. Their compressibility
is low and thus they can be used under
hydrostatic loads normally encountered

in cratering applications. Unconfined



Table 8. Properties of selected slurry explosives and blasting agents,

4,7

Detonation Detonation Heat of Percent
Consist- Densitgr pressure velocity detonation glum- Contains
No. ency (g/cm3) (kbar) (m/sec) (cal/g) inum HE?
1 Liquid 1.40 99 5850 750 0 Yes
2 Liquid 1.40 104 6050 730 0 Yes
3 Gel 1,30 60 4300 750 2 No
4 Gel 1,33 66 4500 1110 8 No
5 Gel 1.20 85 5700 . 1450 20 No
6 Gel 1.50 81 5000 1950 35 No
7 Gel 1,65 80 5200 2050 P Yes
8 Gel 1,95 89 5500 2250 b Yes

3Brand names have been omitted.

bAluminized, but percentage unknown.

critical diameters are usually about 3

in.

e. Aluminized Slurries

The addition of large quantities of
aluminum to slurry blasting agents pro-
dl:lCES a cratering explosive with very
high energy release at moderate detona-
tioh pressures, The presence of alumi-
num lowers peak pressures but provides
higher sustained gas pressures during
the expansion, Energy release per unit
weight can exceed twice that of ANFO,
and these slurries can excavate up to 80%
more volume per unit weight than ANFO
or TNT.'7 However, energy release per
unit cost is about the same as nonalumi-
nized slurries and approximately one-
third that of ANFO. Nevertheless, alu-
minized slurries are often the best choice
when emplacement costs overshadow
explosives cost.

Aluminized slurries possess the Same
shipping, handling, and storage advan-
They

may be plant-mixed or mixed on site.

tages as nonmetallized slurries,

Properties of some commercially avail-
able aluminized slurries are given in
Table 8. Cratering properties, costs,

and other data are given in Table 9.
4.3 INITIATING TECHNIQUES

Cratering charges are generally.ini—
tiated using conventional electric blasting
caps or exploding bridge wire (EBW)
detonators fired from a voltage source
designed to suit the application, Electric
caps normally contain lead azide plus a
few grains of RDX, PETN, or tetryl as
primary boosters. The major primary
high explosives used in initiating devices
are listed and discussed in Appendix C.

Since most cratering explosives are
relatively insensitive and cannot be deto-
nated by blasting caps alone, secondary
booster explosives are also employed. A
suitable secondary booster is an explosive
with a high detonation pressure and an
energy release of at least 1000 cal/g.
Common booster explosives are 50/50

pentolite, composition C-4, composition B,
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Table 9,

Measured properties and calculated parameters of representative cratering

explosives.
) Excavated
Detonation Bulk Detonation Heat of Nominal Energy/ volume rela-
) pressure specilflc vel9city Impedance detonation cost cost tive to equal

Explosive (kbar) gravity (m/sec) (m/sec) (cal/g) {$/1b) (Mcal/$) weight of TNT?
ANFO 60 0.93 4560 4240 890 .0.06 +0.04 6.75 1.0-1.1
AN slurry 104 1.40 6050 8470 730 0.15 + 0,05 2,22 1.0-1.2
AN slurry
2% Al)b 60 1.30 4300 5590 750 0.08 + 0.05 3.41 1,0-1.2
AN slurry
(8% Al)b 66 1.33 4500 5990 1110 0.13 £ 0.05 2.52 1,2-1.4
AN slurry
(209, A1)P 85 1.20 5700 6840 1450 0,20 +0.07 2.19 1.5-1.7
AN slurry e
(35% Alb 81 1.50 5000 7500 1950 0.25 1+ 0.10 2.52 1.6-1.8
TNT 220 1.64 6930 11360 1102 0,25 + 0.05 2.00 1.00
Nitromethane 125 1.13 6320 7140 1126 0.33 +0.02 1.55 1,0-1,3
Composition

C-4 257 1.59 8040 12780 ° 1350 0.34 £ 0.10 1,80 1.2-1.4

&That is, "Cratering Effectiveness' as measured by small charge detonations 1n sand. Absolute cratering perform-

ance in terms of volume excavated per pound of explosive depends on the size of the shot; it is less for larger shots,

Relative performance, on the other hand,

bSlurry blasting agent.

and TNT (these and others are listed in
Appendix C, Tables C3 and C4).

nized slurry blasting agents require con-

Alumi-

siderable boosting to insure complete
The booster should not be
placed closer than 6 in. from the bottom

detonation,

of the cratering charge, and it should have
explosive surrounding it for at least a
There
should be intimate contact between the

4-in, thickness in all directions.
booster and the main charge. Whenever
possible the booster column should extend
at least three-fourths the length of the
cratering charge. In some cases it may
be advisable to construct a booster col-
umn up the entire length of the charge,
Care must be taken to insure that the
booster is also properly initiated. Pen-
tolite and composition C-4 can be fired
with 50-grain PETN detonating cord or a
No. 6 blasting cap. For other booster
explosives, 100-grain PETN detonating

cord or a No. 8 blasting cap is preferred.

- 40_

1S not as sensitive to charge size.

For several cratering charges, one
effective firing chain is a surface blasting
cap cohnected through a detonating cord
trunkline to lengths of 50-grain PETN
detonating cord which run downhole
through the stemming to the boosters

8 More

within the cratering charges.
powerful detonating cord should be used
only if it is loosely enclosed in steel or
strong plastic tubing because the cord
itself may initiate deflagration or low-
order detonation and create gas voids in
the main charge. Encasing the down-hole
detonating cord in tubing not only mini-
mizes the likelihood of deflagration but
helps to insure integrity of the stemming
and reduces the likelihood of damaging

the initiation system.,

*Reference 8 also discusses methods
of connecting lengths of detonating cord
together.



In those cases (see Chapter 5) where
it is desirable to fire the charges sequen-
tially in order to minimize ground shock
and airblast effects, or to achieve a
directed excavation effect by firing rows
in sequence, a delay firing system must
be carefully designed and laid out to
avoid premature cutoffs and consequent
misfires, One method by which delays
may be achieved is to use commercially
available delay connectors. and a single
blasting cap. The delay connectors are
placed as required throughout a detonat-
ing cord trunkline, Another method is to
use delay blasting caps placed within the
individual charges, Blasting caps offer
delay times from 5 msec to several
seconds.g Delay intervals are selected
as a part of the explosive excavation

design process as discussed in Chapter 5,

4.4 SPECIFICATION OF CRATERING
EXPLOSIVES

a. Cratering Performance Guidelines

The selection of a cratering explosive
will involve a number of compromises,
A tradeoff must be made between the
maximum excavated volume per pound of
explosive and the cost. It is not possible
to write detailed explosive specifications
in this section because too many varia-
bles are involved. On-site drilling costs,
transpof‘tation, storage, and labor costs
depend upon specific applications. How-
ever, from the discussions in Appendix C,
guidelines can be set down to provide a
basis for specifying cratering explosives.
These guidelines are as follows:

(1) Total heat of detonation and espe-
cially gas bubble energy should be as high
as possible. “Unfortunately, high energy

explosives are expensive and a compro-
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mise must be reached between explosive
cost and emplacement cost. A high ratib_
of heat of detonation to explosive cost is
always advantageous. Typical values;,of
such ratios, using nominal market prices
as of this writing, are presented for sev-
eral explosives in Table 9, The experi-
mentally determined cratering effective-
ness values (see Section 4.5) are also .
included in Table 9,

(2) As a rule of thumb, the best crater-
ing perforz_nancé can be expected when the
explosive-to-rock-impedance ratio, Ie/Im,
is between 0.2 and 1,0, and the closer to
1.0 the better., For this calculation, 'Ie
may be taken as the product of the explo-
sive bulk specifi¢c gravity and the charac-
teristic detonatién velocity; similarly, Im
may be taken as the product of the media
bulk specific gravity and its characteris-
tic seismic velocity. In some media, for
example soil and clay shale, the imped-
ance ratio usually exceeds unity regard-
less of the explosive. Under such cir-
cumstances a low impedance explosive,
such as ANFO, can be selected although
impedance matching is not as important
in common excavation as in rock exca-
vation, .

Detonation impedances for some
explosives are given in Table 9, and
acoustic impedances of sonie materials
are given in Table 10,

-(3) An upper limit to detonation pres-
sure is desirable because an explosive |
with an excessively high detonation pres-
sure will dissipate considerable energy
in excessive crushing and plastic defor-
mation near the charge, There is no
clear indication as to what this upper
limit should be but experience has shown

that explosives with detonation pressures



exceeding 150 to 200 kbar tend to perform

poorly as cratering explosives.

b. Operational Considerations

A practical cratering explosive must
be capable of being shipped to the site
with comparative ease, stored without
hazard for several months, and placed
down-hole with efficiency. Also, fumes
given off by the detonation must not be so
toxic as to require evacuation of person-
nel, Five characteristics govern whether
(1) the

explosive density, (2) its water resist-

the above needs will be met:

ance, (3) its classification in the Code of
Federal Regulations (CFR), (4) its viscos-
ity or pourability, and (5) its composition,
Density and water resistance are im-
portant if there is a likelihood of water in
the borehole due to seepage or runoff,
The explosive must then be dense enough
to displace water and sufficiently water-
resistant to detonate when wet. A spe-

cific gravity of 1.1 or more is preferable

"Methods for measuring energy release
and detonation velocity and for calculation
of detonation pressures are presented in
Appendix C,

Table 10,

under such circumstances. Nearly all
high explosives, ammonium nitrate
slurries, and gelatin dynamites are suf-
ficiently water-resistant for application
in flooded boreholes., ANFO and other
dry ammonium nitrate mixes, such as
ammonol, are not,

When water is not present, explosive
density is important only from the stand-
point of emplacement cost {assuming, of
course, the impedance preferences dis-
cussed in Section 4.4a have been sat-
isfied); i.e., a denser explosive of
comparable performance will be
cheaper to emplace because the charge
cavity is smaller,

Shipping costs are directly related to
the CFR classification (see Appendix C).
Cratering explosives classified as oxidiz~
ing materiéls are reasonably inexpensive
to ship. Class A explosives in large
quantities are very expensive to transport
- Class C

explosives are usually no more expensive

and therefore should be avoided.

to ship than oxidizers but there are re-
strictions as to the size of the shipment.
Nitromethane, although it can be used as

a powerful explosive, has no explosive

10,11

Acoustic impedances of some materials.” ™’

Nominal bulk

seismic velocity

Nominal
Acoustic impedance,

Media specific gravity (m/sec) I, (m/sec)
Alluvium 1,54 1000 1540
Basalt 2.59 5400 13990
Clay shale 2.06 2000 4120
Granite 2,65 5100 13510
Limestone 2.66 5200 13830
Sandstone 2.40 2400 5760
Water 1,00 1460 1460
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classification and is shipped as an indus-
trial solvent.

It should be possible to pump or pour
an ideal cratering explosive into the
charge cavity without leakage into under-
ground fissures and cracks, Upper and
lower limits on the viscosity of the mix-
ture are required unless the explosive is
to be placed in sealed containers—an
added expense. To accommodate these
requirements, gelling agents are often
added to slurries as they are being
pumped down-hole. The mixture then
sets up as a rubbery or putty-like solid,
To minimize leakage, down-hole viscosity
should be high. Some dry mixes such as
prilled ANFO and pelletol (pelletized TNT)
usually pose no pumping or seepage prob-
lem., Nitromethane, on the other hand,
has a viscosity about equal to that of °
warm water and consequently must always
be emplaced in sealed cavities or leak-
proof containers.

Toxic fumes are minimized when the
explosive is properly oxygen-balanced.

An excess of oxygen in an explosive, such
as might arise from the exposure of AN
to water or high humidity, can produce
brown nitrogen dioxide upon detonation
and, under some circumstances, during
storage. An oxygen deficiency such as
occurs in TNT, pelletol, and tritonal may,
depending on density, yield colorless but
toxic carbon monoxide.* Generally, if
oxygen imbalance is held within 4% by
weight, toxic fume production will be
negligible. Stability during storage is

also improved if the above criterion is

*For example, a 100-ton detonation of
low density TNT will release 12 to 16 tons
of carbon monoxide to the atmosphere.
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met. Most nitrate-based explosives,
such as amatol, ANFQ, and most slurries,
are adequately exygen-balanced so that

toxic fume production is minimized.

4,5 CRATERING EFFECTIVENESS
AND ENERGY EQUIVALENCE

In this report ''cratering effectiveness"
or "cratering performance' is taken to
mean the apparent crater volume exca-
vated per unit weight of explosive com-
pared to the volume excavated per unit
weight of the reference explosive, TNT
(see Table 2), The values in Table 9
were developed from tests in sand, but
they may be applicable to any medium of
similar density, strength, and impedance.
As of this writing, comparable data for
rock are unavailable, Care must be taken
then when applying the values in Table 9
to rock, Calibration shots as discussed
in Appendix D should be carried out
whenever possible,

The term ''energy equivalence'' is
taken to mean simply the ratio of heat of
detonation of a given explosive to that of
the reference explosive. Heats of detona-
tion of the explosives discussed in this
chapter are given in Table 6 through
Table 9,

motion, underwater shock, and missile

The curves for airblast, ground

range in Chapter 6 are based on tons of
TNT. The energy equivalence of an
explosive (A) in terms of tons of TNT

can be found from the formula

(Tons TNT)

Qp
= (Tons explosive A) ) ,  (13)
TNT

where Q is the heat of detonation in

calories per gram,



4.6 EXPLOSIVE SELECTION BASED ON
OVERALL COST CONSIDERATIONS
Candidate cratering explosives may be
evaluated by considering explosive cost
and density, relative cratering perform-
ance, charge geometry, and emplacement
cost, Explosive costs can differ by a
factor of as much as twenty while crater-
ing performance in terms of excavated
volume per weight rarely differs by a
factor of more than two. Consequently,
expensive explosives with marginally
superior performance are usually unde-
sirable while the cheaper explosives are
to be preferred. The cheapest explosive,
however, is not always the best. The cost
of emplacing it must also be considered,
A compromise must be made between
explosive cost and emplacement cost such
that the total cost of the explosive em-
placed ready for detonation is minimized,
A method of selection based on cost min-

imization is presented in Chapter 9,
4,7 SUMMARY

Most high explosives are too expensive
and have detonation pressures too high
for use as cratering charges. An explo-
sive with a high gas bubble energy is
most efficient for cratering.

Ammonium nitrate is the least expen-
sive explosive ingredient available and,
when mixed with fuel oil, makes an excel-
lent and inexpensive cratering explosive.
However, it has the drawbacks of low
‘density and poor water resistance. The
addition of aluminum to ammonium
nitrate greatly increases energy release
and also reduces the ratio of shock
energy to bubble energy, Adding water
and gelling agents to such a mixture

_44_

gives a good slurry cratering explosive
which is dense, water-resistant, and
easily handled. Slurry explosives and
blasting agents are available in a wide
variety of formulations,

Cratering charges should be ade-
quately boosted. Current recommended
procedure is to require a continuous
column booster extending for at least
three-fourths the length of the main
charge. If detonating cord is run down-
hole through the charge, it should be
encased to prevent possible deflagration
of the cratering explosives.

The primary characteristic desired in
a good cratering explosive is a high gas
bubble energy. Other desirable charac-
teristics are low cost, a high heat of
detonation, an impedance ratio with the
medium between 0.2 and 1.0, and a deto-
nation pressure under 150 to 200 kbar,
The explosive should have sufficient
density to displace water if necessary,
it should have high water resistance if
emplaced in very damp or wet boreholes,
it should be classified as an oxidizing
material (to minimize shipping costs),
and it should have a high viscosity in the

emplaced configuration,
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Chapter 5

'Excavation Design

5.1 SCOPE

This chapter provides information and
procedures currently used to design
explosive excavations. Going beyond the
qualitative introduction to cratering and
the representative parameters discussed
in Chapter 2, this chapter presents basic
quantitative cratering data and outlines
procedures for applying the data to the
design of single-cﬁarge and fow-charge
excavations, and (with somewhat less
experimental verification) to multiple
row-charge excavations. Related matters
including interconnecting row craters,
underwater cratering, charge shapes,
stemming, and delayed row-charge deto-
nations are also discussed.

Appendixes D and E supplement the
information contained in this chapter.
The design and conduct of site calibration
tests and the preparation of the basic
charts and graphs used here are dis-
cussed in Appendix D, In looking toward
further simplification, Appendix E intro-
duces other useful design charts and
explains how these may be prepared and
used, The design procedures in Appen-
dix E are extensions of those in this
chapter and rely upon basic relationships

found in this chapter and in Chapter 2,
5.2 SINGLE-CHARGE CRATERS

Because maximum explosive efficiency
is desired for excavation applications, the
design information used here is based on

burial at optimum depth; i,e,, the depth
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below ground surface at which the deto-
nation will produce the largest apparent
crater, Explosive engineering projects
such as quarrying or underwater blasting
may require that charges be placed at
some different depth,

Experimentally obtained single-charge
crater dimensions for three materials
are given in Figs, 17, 18, and 19.1_8 The
optimum depth of burial and the radius,
depth, and volume of the apparent crater
are read directly from these graphs.

This information, which is used to select
the weight and corresponding depth of
burial for single charges, is also used to
design row-charge craters and will be
referred to frequently in this chapter.
The optimum scaled crater dimensions
are shown on these chartis to permit com-
putation of crater dimensions for charge
weights outside the range of the graphs.

To illustrate the use of these charts,
assume that a single crater with a depth
of 27 ft in rock is desired.
shows that a charge of 27 tons of TNT

Figure 17

buried at 48 ft will excavate the desired
crater, and that it will have a radius of
54 ft and a volume of almost 4000 yd3.

It is pertinent at this time to point out
that the crater dimensions in Figs. 17,
18, and 19 are based on averages derived
from experimental data which is charac-
terized by appreciable amounts of scatter.
Considerable departures from the values
given by these graphs could be experi-
enced; thus it is prudent to think of the
crater dimensions as reliable with a 20%

margin,
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When the material to be excavated
varies widely from the materials repre-
sented by Figs, 17 through 19, it is sug-
gested that test charges be detonated and
the resulting crater dimensions be scaled
up to the required charge weight level,
Basic procedures for conducting these
"site calibration' tests are presented in

Appendix D.
5.3 ROW-CHARGE CRATERS

As discussed in Chapter 2, if a row of

charges is properly emplaced and deto-
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Crater dimension data for dry rock,

nated simultaneously, a smooth channel
The

design of row-charge craters is based on

or linear crater will be excavated.

single-charge cratering data and the
enhancement of row crater dimensions
which occurs when charges are spaced
closer together. The enhancement phe-
nomenon permits flexibility in the choice
of individual charge weights to excavate
linear craters,
a. Flat Terrain

The design of a row-charge crater in

flat, level terrain is less complicated
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than the design of a similar excavation
through varying terrain, and will, there-
fore, be taken up first,

The first step in designing a row-
charge crater in level terrain is to select
the single-charge weight from the appro-~
priate single-charge dimension chart
(Figs. 17 through 19) which will produce
the required half-width (i.e., radius) and
depth of the cut. It is likely that only one

of these two dimensions will be required
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Crater dimension data for dry soil.

to determine the weight; for example, a
given weight may be adequate for the
depth of a cut but not the width, and there-
fore width requirement would govern the
weight to be used.

After the single-charge weight has
been determined, the weight and spacing
of the charges in the row can be altered,
if desired, in response to construction
considerations involved in emplacing the

charges. This also is done by considering



enhancement which, from the derivation
in Chapter 2, can be expressed in terms

of charge spacing:

(optimum) single~charge crater

R
a .
radius

Because e = 1 (no enhancement) if S/Ra

= 1.4, the single-charge weight deter-

e” = W_R— (14) mined from Figs. 17 through 19 would be
a the weight required for a row of charges
where spaced 1.4 Ra apart to achieve the re-
quired width and depth. The charges
e = enhancement of single-charge : .
crater dimensions (both width would be emplaced at optimum depth of
and depth are equally enhanced) burial as for single charges of this weight,
If a closer spacing is used (S/R_ < 1.4
S’ = charge spacing and e > 1), then it is no longer necessary
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to use the same weight charges to obtain
the required crater dimensions; however,
the smaller charges would still be em-
placed at the depth of burial used for the
1.4 Ra spacing (i.e., at the optimum depth
shown for the single charge weight on the
crater dimension chart). It may be noted
that the enhancement phenomenon implies
that if the charge weights determined for
1.4 Ra spacing are used at a closer spac-
ing without increasing their depths of
burial, the design no longer achieves the
efficiency associated with optimum depth
of burial, For a smooth excavation,
charges in a row should not be spaced
farther épart than 1.4 R ; spacings
greater than 1.4 Ra will result in the
cusping of the crater sides and bottom,.
Assume that the single-charge weight
which will produce the required half-
width (radius) and depth of the row crater
is Ys' but that-it is desirable to use
charges of lower weight, Yr’ in the actual
The re-
quired amount of enhancement can then

excavation of the row crater.

be expressed by:

Ys 0.3
e = ?’ . (15)
r

Combining Egs. (14) and (15), an expres-
sion for the proper spacing of the smaller

charges, Yr’ is obtained:

<. \0-6
~R§-=1.4 (%—) , (18)
a

s

where Ra is the single-charge crater
radius of a charge of weight Yr‘ The
radius, Ra' is read from the appropriate
single-crater dimension chart. The depth
of burial for charge weight, Yr’ is ob-

tained from the same chart, but it must
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be increased by the amount of enhance-
ment, This increase in depth is equiva-
lent to burying Y, at the depth indicated
for Y, on the single-charge crater chart,.
As an example of the foregoing, sup-
pose it is desired to excavate a diversion
channel 75 ft wide and 23 ft deep in dry
soil, Figure 18 shows that the depth of
the channel determines the charge weight,
and that it will require a single-charge
weight (i,e., unenhanced row-charge
weight) of 11.0 tons. However, assume
that 2-ton charges are desirable because
of construction problems in emplacing
charges larger than this size, Equa-
tion (15) gives the required amount of

enhancement as:

,\0.3
.- s =(11.00'3=167
Y. o -67.

The charge spacing for the 2-ton charges
is found from Eq. (16):

s v \-° 5 10.6
R— = 1.4 Y— = 1.4 (-——'11'0> = 0.51,
a S

where Ra is 31 ft for a 2-ton charge;

therefore:
S =0.,51 Ra = 0,51 X 31 = 15,5 ft.

The depth of burial of the 2-ton charges
is the optimum depth obtained from
Fig. 18 increased by the amount of

enhancement; i.e,,
24.5 X 1,67 =41 ft,

which, it will be noted, is the same depth.

shown on Fig. 18 for a 11,0-ton charge,



the original single-charge weight, YS,
which was determined to be necessary for
excavating the channel. Using the 2-ton
charges at a depth of burial of 41 ft and
spaced 1,5 ft apart will produce a crater

with the following width and depth:

So far only the width or depth of the
apparent crater have been considered as
the design criteria; however, these crite-
ria may not be sufficient for specifying
the desired cut. If a project requires the
excavation of a channel that can accom-
modate a specific navigation prism (i.e,,

one in which the width of the channel, L,

Wa =2 (eRa) =2 (1,67 X 31) = 103 ft
‘ is specified at some depth, D, below the
» original ground surface), then Eq. (17) in
Dar B eDa = 1.67 (14) = 23 ft. Fig.. 20 can be used to compute the
Y
Original ground surface
J ? - Wc /2 -
| |/
Crater cross ~g ¢
section (hyperbola
D
L y2 - h:mze x2 = 32
o L -
X \ Asymptote
Ir
B
@ | .
3.33
2 2 2
_1.D 2 D L B
"*[Pd—’*‘/P v i b3 Eq. (17)
a da 4r0 do
b +1 (NOTE: Values for the parameters r, b,
where P=2p p, and B are given in Figs. 17 through
2+1 19 for the three cratering media
1 discussed in this chapter. For other
p = fan 92r = (and B =bD ) media see Appendix D.)
ar
.
r= =
d
a
Fig. 20, Typical hyperbolic row-crater cross section,
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necessary single-charge weight, The con-
cept of enhancement canbe used asbefore
toreduce this weight in a row of charges.
For example, assume that it is desired
to excavate a canal through hard rock with
a width, L, of 30 ft at a depth, D, of 10 ft
below groﬁnd level, The single-charge
weight is computed by Eq. (17) using the

crater constants p and b given in Fig, 17:
10
sy [ore )

\jo 52(188) 4?280; -

3.33

3.33
0.72{100)]
1.64\100

(1.52)

4,0 tons,,

This charge weight can be reduced by
close spacing and enhancement using the
procedures previously discussed.

b. Varying Terrain

The design of a row of charges to exca-
vate a channel through varying terrain is
an extension of procedures described in
the preceding section, There are two
design procedures which can be applied
to a cut through varying terrain, and the
choice of which is to be used in a particu-
lar case must be based on a consideration
of operational factors, The two design
techniques are very similar and differ
only in the manner in which the concept
of enhancement is applied, One method
will result in a row of charges with vary-
ing weights, and the other will result in
a row with all charges equal in weight,
For convenience, the former is termed
the "constant-enhancement' method (i.e.,
constant S/Ra), and the other as the
"constant-charge-weight' design. In

some instances, particularly where the
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terrain relief is not great, it may be
more economical to use the constant-
charge-weight method because of con-
struction advantages of having a large
number of charges the same size. If
cutting through steep terrain where only
a few relatively large charges are re-
guired, then the constant-enhancement

approach may have a slight advantage.

(1) Constant-Enhancement Method

The constant-enhancement approach is

discussed first, The design begins by
determining the single-charge weight of
the largest charge in the row, this being
the charge directly beneath the point of
This

charge weight is reduced to a convenient

highest elevation (or deepest cut).

value by the use of close spacing and
enhancement, if necessary, and then the
remaining charges in the row are com-
puted. Whatever charge spacing (in terms
of S/R ) is selected to reduce the largest
charge to a convenient weight is main-
tained over the length of the detonation,
Computing the weight and positioning of
the remaining charges in the row requires
a slightly different procedure depending
on whether the excavation is a channel
with a specified bottom elevation or one
which will contain a navigation prism,
Consider first a cut with a specified
bottom elevation. When the maximum
single-charge weight has been determined
according to the highest elevation (or,
more exactly, the greatest depth of cut)
and the appropriate crater dimension
chart, it can be reduced to the desired
level by Eq. (16), which establishes the
charge spacing in the row in terms of
S/Ra' The weights required in the re-

mainder of the row are determined by



means of a modification to the crater
dimension chart, The modification con-
sists of shifting the depth curve up the
vertical axis by the amount of enhance-
ment, this amount being computed by

Eq. (15). Weights for any other depth of
cut can then be read directly from the
modified graph. Charge spacings are the
appropriate fraction (S/Ra) of the unen-
hanced radius for a given charge, and
depths of burial are read at the intersec-
tion of the depth of cut and the unenhanced
depth curve.

In the typical case of a cut through
varying terrain, there will be adjacent
charges of unequal weight. The spacing
between adjacent charges should be the
average of the spacings computed for
each of the charges.

Horizontal positioning of the charges
is then determined by the following proc-
ess, Assume that the weight of a charge
in a row is Ym and that the crater radius
for this charge is Ram. The spacing, Sm,

for this charge would then be:

;3.5ﬂ\ /.

_{S
Sm * (R_) Ram: 4,
a
Similarly, the spacing for an adjacent

charge, Y, would be:

S_ = (Ria) R, . (19)
The actual spacing between Ym and Yn is
the average of Sm and Sn; i.e.,

- Srn * Sn

Spon ® ——2, (20)

This procedure is repeated for the
remaining charges in the row. An illus-
trative example of designing a cut with a
specified bottom elevation through vary-
ing terrain is given below.

Assume that it is desired to excavate
a channel with a constant bottom elevation
through dry rock along the profile shown
in Fig. 21, The deepest cut is 25 ft (i.e.,
37 - 12), and from Fig. 21 the maximum
single-charge weight (YS) required is
found to be 21 tons. However, assume

that emplacement considerations dictate

19.5 ft

16.5 ft

Maximum elevation = 37 ft

11.7 ft
40— —\(
Hee
T 30 “ X Desired bottom elevation
f channel = 12'ft
c
2 B 36| V7 ft Rock
o
>
© 10— 23t 31 ft
V 44 ft
ol §

Y3 = 0.55 tons
Y

2= 1.4 tons

i

Y] =5 tons

Fig, 21, Row-charge design to excavate channel with constant bottom elevation,
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a maximum weight of 5 tons (Y_). The
necessary amount of enhancement is

" given by Eq. {15):- .

0.3
Y_S = (21_)0.3 =1,54
Y 5 Bl

r

and Eq, (16) gives the required charge

spacing in terms of S/Ra as:

The charge spacing of S/Ra = 0,61 will be
maintained throughout.

It will now be convenient to modify
Fig, 17 by shifting the depth curve verti-
cally up on the graph by the amount of
The

modified form of the crater dimension

enhancement; i,e., a factor of 1.54,

chart can then be used to read required
charge weights directly. An appropri-
ately modified Fig, 17 for use in this

example is shown in Fig. 22.

v 0.6 It has been established that the first
_Ré_ ="1.4 (Y_r) =0.61, and largest charge is 5 tons. From
4 8 ' Fig. 22 it is found that R, for a 5-ton
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Fig. 22, Modified crater dimension chart to be used with example in Fig. 21.
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charge is 32 ft. Designating this first
charge as Yl’ then:

S, =0.61x32 =19,5 ft.

1
This charge of 5 tons will be buried at
the same depths as the 21-ton single
charge; i.e., 44 ft.

Proceeding with the design to the left
of the highest point of the profile, the
depth of cut a distance §, (i.e., 19.5 ft) to
the left of Y1 is measured. This depth of
cut is 17 ft, and from the enhanced depth
curve in Fig, 22, Yz-is 1.4 tons, Ra is
23 ft, and the depth of burial is 31 ft, It
follows that:

82 =0.61X 23 = 13,5 ft,
So that the actual spacing between Y1 and
Y2 is adjusted to be:

_Sl+82

51-2— 2

_ 19,5 +13.5
) 2

= 16,5 ft.

The weight of the third charge, Y, is
determined by measuring the depth of cut
a distance 52 (i.e., 13.5 ft) to the left of
Y2. The depth of cut is 13 ft and, accord-
ing to Fig., 22 Y3
16.5 ft, and the depth of burial for Y3 is

is 0.55 tons, Ra is

23 ft. Thus:
S3 =0.61 X 16,5 = 10 ft
and
13.5 + 10 _
£ e e 1- ft'
82_3 5 =117

The design of the row charge is continued
to the end of the cut, to both the left and
right of Y;, by continuing this procedure,

Consider now the design of an excava-
tion which will circumscribe a navigation
prism. This design procedure requires
more compufations than the foregoing,
although essentially the same steps are
followed. Rather than being able to obtain
charge weights directly from a modified
crater dimension chart, the basic single-
charge weights have to be individually
computed by means of Eq (17), The
enhancement (e) and spacing (S/R,) used
to reduce the largest weight to a conven-
lent level is also used for the other
charges in the detonation.

The procedure for designing a cut to
accommodate a navigation prism is most
easily illustrated by an example, Assume
it is desired to excavate a channel
through dry rock represented by the pro-
file in Fig, 23. Let the design specifica-
tions for the channel be a width of 25 ft at
elevation zero, Starting at the highest
elevation of 33 ft, the required single-

charge weight is determined by Eq. (17):
_ 33
- s

3.33
1089\ . 635 0.12 . 1089\] -
+\1°'52(100/+4(4007 164 (100/

= 65 tons.

If it is desired to reduce the 65-ton
charge to 30 tons, then Eq. (15) gives the

required enhancement:

0.3
o-(g) @)

r
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Fig. 23. Row-chargé crater with navigation prism through varying terrain,

and Eq. (16) gives the required charge

spacing:

Yr 0.8 -
S/R, = 1.4 ) - 1.4(5

0.6
) =0,9.

The 30-ton charge will be buried at the
depth for a 65-ton charge, which, from
Fig. 17 is 62 ft. The appropriate charge

spacing for Y, is S., and is computed as:

11

S, =0.9 X586 =50 ft,

1

where 56 ft is the crater radius for a
30-ton charge.

Proceeding to Y,, the next charge to
the left of Yl' the elevation S1 ft to the
left of Y1 is determined to be 22 ft, The
single charge weight for Y2 is computed
by Eq. (17):

Y, = [0.72@%)
+yJo.52(}53) +

= 20 tons.

625 _ 0.12(484
3(200) ~ 1.64\100

)]3.33
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This charge weight is reduced in the

same proportion that Y1 was reduced so

that now:
- 30\
Y2 = 20 (—6—5-> =~ 9 tons,

The 9-ton charge is buried at the depth
The
appropriate spacing for Y2 is 82 and is

for a 20-ton charge, which is 44 ft,

computed as
82 = 0,9 X 39 = 35 ft,

where 39 ft is the crater radius for a
9-ton charge. The actual spacing between

Y1 and Y2 is:

S; S,

S1-.27 73

_50 +35

5 = 43 ft,

Y,, the

3'
elevation, a distance of 82 (35 ft) to the

Continuing to the third charge,



left of Y2
that:

¥, = [o.7z(i—g)

3.33
535\ . 625 0.721225)]
+ \/0'52(100)+ 2(200) ~ 1.64\100

is determined to be 15 ft, so

="7.6 tons.

The reduced weight will be:

: 7.6(&) = 3.5 tons.

¥ 55

3
The depth of burial will be 33 ft and the
spacing for Y3 is:

S, = 0.9X29 = 26 ft,

3

The spacing between YZ and Y3 is then:

_SZ+S3

Sg3 T3

_35+26

5 = 31 ft.

This procedure is continued until the
excavation design is complete.

~ Often it may be advisable to excavate
the canal or channel by interconnecting
row-charge craters. A connecting row-
charge crater may use a different charge
spacing, and often it will be advantageous
to increase the charge spacing as the
depth of cut decreases because fewer
charges will be required. The connection

of row craters is covered in Section 5.5,

(2) Constant-Charge~Weight Method

Now the alternate procedure of

constant-charge-weight row-charge de-
sign will be discussed. In this method the
relative spacing between charges, S/Ra,
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is varied rather than the weight of the
charges.

Taking-the case of a cut with a speci-
fied bottom elevation first, the initial
step is to select the charge weight which
is to be used throughout the detonation.
The spacings between the remaining
charges are determined by means of the
appropriate crater dimension chart and
Eq. (16). The method can be illustrated
by using the profile and channel depth
shown in Fig. 24 as an example.

Assume that 3-ton charges will be
used, The deepest cut is 25 ft and Fig, 17
shows that a single-charge weight of
21 tons is required; therefore the charge
spacing is given by:

YS 21

v \0.6 0.6
- [ - (3N _ a4
S/R,_ = 1.4< ) - La(d) " -0,
and, because R, for a 3-ton charge is
28 ft, then

S1 = 0,43 X 28 =12 ft,

The 3-ton charge is buried at the depth
for a 21-ton charge, 44 ft. The next step
is to look at the depth of cut, S1 ft from
the first charge, and in Fig. 24 it is 23 ft.
According to Fig. 17, this depth of cut
requires a single-charge weight of 17 tons
and a depth of burial of 42 ft. The spacing,
S,, for charge Y2 is computed as follows:

_ 3 0.6_
s/Ra-1.4(1—7-) = 0.50,

and therefore

S, = 0,50 X 28 = 14 ft.
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Fig, 24. Example of cut with constant bottom elevation and constant charge weights.

As with the constant-enhancement method,
the actual spacing between Y1 and Y2 is
the average of S1 and SZ:

S1 + 52

S _12 + 14
1-2 2 2

= 13 ft,

To compute the spacing between Y and
Y3, look at the depth of cut S ft fr'om Y2
This depth in Fig. 24 is 21 ft, and so a
single-charge weight of 14 tons and a

DOB of 40 ft are required. S3 is com-

0.6
3 _ .
(-1——> = 0,56;

puted:
S/R, =

therefore

S, = 0.56 X 28 = 16 ft,
and

s 22753 14416 ..

2-3° " 32 3 :

The process is continued in this manner
until the end of the cut.
it may occur that the spacing (S/Ra) com-

In some instances

puted for a charge is greater than 1.4,

Because this is the upper limit of row
charge spacing, it will be necessary to
select a lower yield for the remaining
charges such that S/R_
less than 1.4. Otherwise the procedure

is everywhere

as described above has no exceptions.

The procedure for designing a constant
charge weight row to excavate a cratef
for a specific navigation prism is similar
to the above. Individual single-charge
weights are computed by Eq. 17 rather
than by obtaining them from a crater
dimension chart, but the spacings are
computed in the same manner as the
above example.

Appendix E discusses design proce-
dures in more detail and introduces ways
in which the time required to perform a
large number of repetitive computations
may be reduced.

The use of enhancement to reduce indi-
vidual row-charge weights is subject to
an important constraint, As smaller
charges are spaced closer together, the
number of charges detonated at one time
must be increased in order to avoid a
As a

general rule, each row-charge detonation

short, elliptical-shaped crater.
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should result in a crater whose length is
at least twice its width, The following
relationship gives the number of charges
in a row which should be detonated to

maintain this minimum ratio:

4

N>—7—-S Ra’

where N is the number of charges in a

(21)

row,
5.4 PARALLEL ROWS OF CHARGES

The use of multiple rows will be war-
ranted whenever a broad, shallow excava-
tion is required and where a single row
of explosives, of sufficient size to achieve
the desired width, would result in unnec-
essary overexcavation of depth., At the
current level of development of explosive
excavation technology, the only experi-
mentally verified alternative to a single
row of charges is a set of two parallel
rows, the two rows being detonated with a
small time delay between them.9

The design procedure for two parallel
rows is described below, and reference is
made to Fig, 25 which shows a schematic
cross section of the crater produced by
the configuration. As shown in Fig. 25,
the separation between rows should be
1.5 times the half-width of a crater pro-
duced by a single row of charges,. and the
width of the channel (Wc) at the preshot
ground surface will be 3.5 times Wa/2.
The bottom of the crater between the
rows will be relatively flat with perhaps
a slight mound of fallback.

The single charge weight, YS (i.e.,
unenhanced row-charge weight), which will
produce the required width is determined

as follows:

W =3.5W /2
c a
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1.5 Wc /2
Fig, 25. Schematic cross section of cra-
ter produced by two parallel
rows of charges.
Wc
Wa/2 Ry 75 (22)

wherei Ras is the crater radius corre-
sponding to the single-charge weight of
Ys' Knowing Ras' YS can be read directly
from the crater dimension charts., To use
a smaller charge, Yr, rather than YS,

Eq. (16) gives the required charge spacing

1,.r-o.fs
Al w]
YS

where Raris the crater radius corre-

as:

S

Rar

sponding to Yr' The rows are separated
by 1.5 Ras and the charges are buried at
the optimum depth for Ys. )

The time delay between the rows is
given by:

1/3 (23)

TD =150 Y (msec),
where Y is the weight (in tons) of an
individual charge in a row.

For example, assume it is necessary
to cut a channel 100 ft wide and 10 ft deep
through soil. From Fig. 18, it is found
that a single row of 10-ton charges

spaced 70 ft apart would meet the width



objective, but the maximum depth of the
channel would be almost 25 ft, a consider-
able overexcavation.

A design for the required éxcavatiou
with a double row of charges would be
performed as follows: .

From Eq. (19):

Wa/2 =Ras=§.-§=3._5= 28.5 1t,

and therefore Ys = 1,5 tons from Fig. 18.
A double row of 1,5-ton charges, each
with a charge spacing of 40 ft (= 1.4
X 28.5) and separated by 43 ft (= 1.5
X 28,5) would excavate the réquired chan-
nel with a maximum depth of approxi-
mately 13 ft.

The time delay between the rows is
given by Eq. (23):

TD = 150 Y]'/3 {(msec) = 172 msec.

The nearest commercially available
delay cap is 175 msec, and this would be
acceptable,

In the example above, the single row
would require 10 tons for 70 ft of channel
or 0.14 tons/ft; the double row requires
only 3 tons/40 ft, or 0,075 tons/ft of
channel, a reduction of almost a factor
of 2, .

Convenient charts and suggested step-
by-step procedures for the design of
double-row-charge excavations are devel-

oped and presented in Appendix E,
5.5 INTERCONNECTING CRATERS

After a row of charges has been de-
signed to excavate a channel, other con-
siderations such as safety may limit the

total weiéht that can be detonated at one
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time. It may be necessary to detonate
the charges as a series of separate row
charges rather than all at once., It is,
therefore, desirable to be able to
smoothly connect one row crater to an-
other. The designer should be aware of
this requirement ahead of time so that he
can establish the limits of each detonation
and provide for the connection of the row
craters. All charges in a long row may
sometimes be emplaced before firing any
portion of the row, in which case provi-
sion for connections must be made prior
to emplacement.

At the point of connection between two

row craters, the distance between the end

‘charges of the two rows should be the

optimum crater radius of the larger of the
two charges. This distance is obtained
directly from the crater dimension charts.
In the event that only one row of charges
is emplaced at a time, then the end charge
of a follow-on connecting row should be
placed beneath the end lip crest of the
existing row crater, No adjustment to the
charge weight is required to compensate
for the lip material,

The technique of connecting one row to
another is not well-developed. The con-
nection of row craters may result in a
low mound of material being deposited in
the first crater when the second one is
formed. Remedial excavation with con-
ventional methods will be necessary if

the mound obstructs the channel.

5.6 DELAYED ROW-CHARGE
DETONATIONS
Some applications of explosive exca-
vation may appear to be not feasible
because of the proximity of buildings or

other structures and the consequent risk



of ground-shock-induced damageé. Should
a first analysis indicate that a project is
not feasible for this reason, then consid-
eration should be given to excavating by

A lim-

ited amount of experimental data have

means of delayed charge firings,

been acquired on relatively large charges
(1~ton) emplaced in rows and fired in
These data

indicate that marked reductions of seis-

some ordered sequence.

mic motion are possible.9

For sequential detonations, a time
delay of the order of milliseconds is
introduced between charge detonations in
the row., The detonation sequence begins
at one end and progresses toward the
other, Delay intervals can be achieved
by using commercially available delay
caps, or delay connectors (see Sec-
tion 4.3 )
charge detonations is computed according

The delay interval between

to the following equation:

T, = 25 /3 (msec), (24)

where Y is the individual charge weight
in tons, or the average charge weight in
a row consisting of a mixture of charge
sizes.

Delayed firings can be expected to
result in a reduction of crater depth com-
pared to a corresponding simultaneously
detonated row, Widths are apparently not
affected, This depth reduction can be
compensated for in the design by increas-
ing the charge weights 15% above those
required for simultaneous firing, The
ground shock from a delayed row can be
predicted on the basis of the largest
charge in the row, rather than the total

weight of the explosive used in the row,
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5.7 UNDERWATER CRATERING

Experience in underwater cratering is
limited and considerable experimentation
remains before quantitative design crite-
ria can be fully established, For the
present, the design procedures outlined
for dry land cratering are assumed appli-
cable; however, the water overburden
must be accounted for, Because water is
much less dense than earth materials and
possesses no shear strength, it réquires
less energy to displace than an equal vol-
ume of rock or soil, When designing
cratering detonations under water, the
water overburden should be treated as an
added layer of bottom material that is
one-half as thick as the depth of water.
This means that all crater depths and
burial depths should be referenced to a
hypothetical surface one-half the depth of
water below the water surface.

The presence of water may drastically
alter the process of crater formation
because ejecta may be washed back into
The extent of this washback
will depend on the water depth and the

the crater.

material being cratered. Ejecta throwout

. ranges will also be less when water is

present. Underwater craters will gener-
ally tend to be shallower and wider than
a crater on dry land. It is strongly rec-
ommended that extensive experimentation
be carried out prior to designing any

large-scale underwater cratering project,

5.8 CHARGE GEOMETRIES AND
STEMMING
Thus far, the charge has been implic-
itly assumed to act as a point source of
energy. Many chemical explosive crater-

ing experiments have been conducted



using spherical, center-detonated charges.

There is evidence, however, that although
a spherical charge is the most desirable
shape, it is not a requirement for suc-
cessful results. The degradation of cra-
tering efficiency caused by minor depar-
tures from the spherical shape are not
significant, The most recent experiments
have used cylindrical-shaped charges.
Cylindrical charges have been tested in
cratering experiments with length-to-
diameter ratios of almost ten to one and
the evidence suggests that ratios of four
or five to one can be used without having
to increase the weight in compensation,
When the height-to-diameter ratio of the
cHarge is four or more, the effective
center of the charge is curreritly assumed
to be at a point one third of the charge
length from the bottom, and depths of
burial should be referred to this point.
All cratering charges should be
stemmed to prevent loss of energy from
premature venting through the emplace-
ment hole. The emplacement hole should
be filled with stemming material all the
way to the surface. Stemming materials
can be sand, gravel, or soil, If the explo-
sive is a water-resistant slurry, the
stemming material should be saturated
with water prior to detonation. Water
alone can be used for stemming if no

other material is available,.
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Chapter 6

Safety and Environmental Considerations

6.1 SCOPE

This chapter discusses the potential
hazards from ground motion, airblast,
underwater shock, water waves, and mis-
siles which can result from the detonation
of large chemical explosive charges in
construction operations. A discussion of
the effects of explosive excavation oper-
ations on the local environment and ecol-
ogy is included to assist in the prepara-
tion of environmental statements as
required by the National Environmental
Policy Act of 1969, A brief summary of
the safety considerations for each poten-
tially hazardous effect is provided, and
procedures are given for estimating the
effect's magnitude and damage potential,
The emphasis is on public safety consid-
erations and environmental preservation,
The safety aspects of operational matters,
such.as explosives handling and loading
and area security, are discussed in Chap-
ter 7 and Corps of Engineers' Manual
EM 385-1-1,

6.2 GROUND MOTION

a. General Safety Considerations

Ground motion, also called ground
shock or seismic motion, will accompany
all surface and subsurface detonations
and may cause structures on and beyond
the construction site to move or vibrate.
These motions, depending on their magni-
tude, may cause architectural damage
(cracking of finished surfaces, plaster,

stucco, and breaking of windows) or even
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structural damage. Additionally, the
perception of these ground motions may
cause uninformed persons to fear for
their safety and to submit unwarranted
claims for property damage.

The amount of explosive energy cou-
pled to the medium and transmitted as
seismic energy depends on the conditions
of emplacement, depth of burial, and type
of surrounding medium., The coupling
effect or seismic efficiency becomes
greater as voids surrounding the explo-
sives are reduced, burial is deeper, and
the medium is more competent (rock as
opposed to soil). Typically less than 1%
of the total explosive energy is converted
into seismic energy.

The most influential factor governing
the magnitude of the seismic signal
received at any location is the geology at
that location. Current data indicate that
at large distances from the detonation
point, the surface motion at a site located
on soil can sometimes be five times as
high as the surface motion at a site lo-
cated on rock with other parameters
being equal.

b. Ground Motion Prediction

Particle velocity and acceleration are
the ground motion parameters of interest
and are also the parameters which most
seismic instruments are designed to
measure, Particle acceleration has been
shown to have fairly consistent values at
which given levels of damage occur for
residential structures., No similar corre-

lation with damage to engineered



structures such as high-rise buildings has
been developed to date., Analysis of poten-
tial damage to engineered structures
requires the expertise of a structural
engineer. The frequency of the ground
motion is also important in determining
the response of residential and high-rise.
or engineered structures, but the capabil-
ity does not exist to predict reliably the
frequency of peak ground motions. |

The prediction of ground motion is
based on empirical equations of the

following formz:
GM =CY™R ", (25)

where

Table 11,

GM = amplitude of peak particle
motion (velocity or acceler-
ation)

Y = weight of detonated explosives

R = range

C, m,
d

an = constants found experimentally

Equations with appropriate constants for
predicting peak amplitudes of ground
motion for a variety of detonation media
and site conditions are listed in Table 11,
The equations in Table 11 are plotted in
Figs. 26 and 27 for explosive detonations

Ground motion prediction equations. 2

Geologic
environment at
point of interest

Detonation medium

Prediction equa1:'1on"’l
(R in ft; Y in tons of TNT)

High strength rock Rock A= 45X 104 YO'70 R-2'00
v = 20.0 x 10% ¥0-73 7187
Soil A= 9.7x10%y070 g2.00
v = 67.0 x 10% ¥0-73 g71.87
Weak rock Rock A= 1.8X 104 v0-70 R~2.00
v - 8.3x 10t v0-73 g-L.87
Soil A= 4.2x10% y%70 g~2.00
v = 28,0 x 10% Y073 7187
Soil Rock A= 0.8x10%y%70 g=2.00
v - 3.3 x 10% y0-73 g L87
Soil A= 1.6x10% y%70 g~2.00
v = 11,0 x 10* v 73 g71.87
2A = Peak particle acceleration in g
V = Peak particle velocity in in./sec
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Peak ground velocity /k — in./sec
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of 1 to 1000 tons of TNT  for ranges of
concern. For multiple charges, the total
weight of explosives to be instantaneously
detonated is used as the value of Y in the
prediction equations.3

To find the acceleration or velocity at
a range of interest, first locate the range
of interest on the abscissa, then project a
line upward to the appropriate explosive
weight line, and finally read the corre-
sponding ordinate value. This ordinate
value, when multiplied by the "k'' factor
for the situation of interest (detonation
site medium and medium at point of inter-
est), will give the predicted acceleration

or velocity.

c. Calibration Tests

If critical residential, high-rise, or
other engineered structures are located
within areas where structural damage is
possible, calibration tests may be desir-
able, In these calibration tests, small
explosive charges are detonated to deter-
mine by actually measuring acceleration
and velocity the seismic transmission
properties of the area and building struc-
tural response characteristics. Previous
experience has shown that a value of 0,67
to 0.73 for the weight scaling exponent,
m, in the prediction equations is fairly
reliable for all sites. However, the
proportionality constant, C, an-d the range
exponent, n, can vary greatly with charge
size and from site to site depending on
transmission properties., Therefore,
using site data to generate curves similar
to Figs. 26 and 27 would give a value for

n, which is equal to the slope of the curve

*When the explosive being used is not
TNT, its equivalent weight of TNT should
be used for Y (see Section 4.5).
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and is developed for the local geology.
With m and n known, C can be determined
and the equation thus obtained will give a

more reliable prediction of ground

.motions to be expected from detonations

at the site in guestion,

d. Damage Criteria

The considerable amount of informa-
tion which is available regarding ground
shock and its damaging effects on struc-
tures shows conclusively that an absolute
threshold of damage cannot be defined.
The severity of ground shock-induced
damage to any structure will depend as
much on the type and condition of the
structure as on the level of ground motion
to which it‘i‘s subjected. Damage levels
for various 'sfru‘ctures and equipment are
presented below, They are based on

average structures in an average state of

" repair. Application of the limits stated

to structures other than those indicated
should be made with extreme caution and
by persons experienced in analyzing

structural stability problems.

(1) Residential Structures

Ground acceleration is the best param-
eter for use in predicting damage levels
to residential structures, although in the
past considerable data relating levels of
damage to ground velocity have been
accumulated. Damage to residential
structures associated with various accel-
erations expressed in gravity units is

given in Table 12,

(2) Miscellaneous Structures and

The available data pertaining to dam-

age from ground motion sustained by

structures and equipment associated with



Table 12, Residential structure damage

construction operations are presented in
Table 13.

(3) High-Rise Buildings and

criteria.
Acceleration Expected damage
(g) level
- Up to 0.02 No damage
0,02-0.10 Possible architectural
damage usually of a
" minor nature
0.10-0,30 Probable architectural
damage
Over 0.30 Probable structural

damage

Engineered Structures

The prediction of ground motion-
induced damage for high-rise buildings
and other engineered structures involves
more uncertainties than are encountered
in predictions for residential buildings.
These structures are susceptible to dam-

age from the low frequency portion of the

Table 13, Effect of ground velocity on structures and equipment.a

Effect on structure or equipment

Degree of damage
Threshold Moderate
(in./sec) (in./sec)

Severe
(in,/sec)

Rigid frame buildings:

Structural damage

Small plywood buildings:

Structural damage

Skid-mounted engines not tied to ground:
Failure of suspension system

Cracks in cast metal parts

60

60

20
20

40
40

to

to

Skid-mounted engines firmly tied to ground:

Failure of suspension system

Cracks in cast metal parts

Steel storage tanks of light construction:
Rupture

40
40

30

Steel storage tanks specifically designed and

built to withstand ground motion:

Distortion

Wheeled trailers on styrofoam pads:

Suspension and frame damage

Wheeled trailers with heavy loads:

Structural damage to suspension and frame

Building equipment:

200

120

40

Loose objects thrown about (office machines,

hand tools, etc,)

12

8adapted from Ref. 5.
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seismic waves, particularly if they
approach the natural frequency of the
structure, Since.frequency of ground
motion.tends to decrease with range,
high-rise buildings and other large engi-
neered structures could be susceptible to
damage at greater range than are residen-
tial structures. The frequency of ground
motion tends to be lower in soil than on
rock, and this fact may increase the dam-
age range for high-rise buildings and
engineered structures situated on soil.
High-rise and engineered structures
within the predicted range for 0.001 g
ground motion should be analyzed for
structural response characteristics.6
Several techniques for analyzing the
response of engineered structures are
available, Selection of the applicable
techniques to be used in analyzing a struc-
ture is the prerogative of the structural
engineer. The analysis techniques, known
as the response spectrum method, time-
history response method, and spectral
matrix method, are described in detail in

Refs. 7 and 8.

(4) Area Features

Man-made structures, such as tunnels;
dikes, steep slopes along highway andrail-
way cuts, etc., and natural features, such
as steep embankments and rock forma-
tions, may also be susceptible to damage
or movement as a result of ground mo-
tions. The variety of features that may,
exist precludes a statement of any dam-
age criteria. Each feature of concern
should be evaluated. Where evaluation
indicates damage is probable, necessary
damage prevention measures and safety
precautions should be placed in effect at

the time of detonation. These measures
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may include temporary bracing, evacua-
tion of personnel and animals from dan-
gerous areas, and postshot evaluation of

structures.

e. Human Perception and Injury

The mere perception of ground motion
by some people residing in the area |
around a detonation point may prompt
them to file damage claims. Others may
fear for their personal safety. For com-
parison with other damage criteria, the
approximate threshold of perceptién,
which varies with individuals and with the
frequency of the motion, is an accelera-
tion of 0,002 g or a velocity of 0.08 in/sec
(Ref. 2). ‘

Injury to persons as a result of seis-

- mic motions from high explosive detona-

tions could be caused by displaced objects
(e.g., falling plaster, items displaced
from shelves, loose chimney sections,
decorative stone from building facings).
In areas where the ground acceleration is
predicted to be more than 0,02 g, the
physical condition of all structures should
be examined to determine the require-
ments for evacuation to prevent injury to
persons, At predicted accelerations of
0.1 g or more, persons should be evacu-
ated from all structures unless analysis
by a strucfufa_l engineer indicates no
personal injury can occur in the struc-
tures. If evacuation is considered neces-
sary during a detonation, personnel
should move away from a structure a
distance equal to twice the height of the

structure.

f. Determination of Areas of Concern

The following procedure may be used

to identify the areas in which damage



may occur to structures and area
features:

(1) Using topographic and geologic
maps of the area in the vicinity of the
proposed detonation and Fig. 26 (or the
ground motion prediction equations),
determine the ranges at which various
acceleration values will be experienced.
Ranges at which the predicted accelera-
tions are 0.3 g, 0.1 g, etc., down to
0.001 g should be determined.

(2) Plot these values on a map of the
site and surrounding area; label the
various acceleration contours.

(3) Determine the types of structures
and area features within the various
acceleration contours.

(4) Using the damage criteria con-
tained in this chapter, evaluate the
expected effects of the proposed detona-
tion,

(5) When it is determined that the
excavation project is otherwise feasible
but residences, engineered structures,
or area features are found to be located
within areas of possible or probable
damage, an on-site survey should be
conducted to determine the types of
structures and features that exist, their
physical condition and.any local geologic
or other condition which might reduce or
enhance the ground motion damage poten-
tial,

cussed in the next section.

The nature of this survey is dis-

6.3 STRUCTURES SURVEY

a. Predetonation Survey

Predetonation surveys are conducted
to: (1) estimate the total structure expo-
sure, (2) identify special hazards and

structures requiring specific analysis,
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(3) document the predetonation conditions
of structures and area features, (4) deter-
mine the required safety measures, and
" This
survey should be conducted by personnel

(5) make damage cost estimates.

experienced in evaluating the ground mo-
tion response and physical condition of
structures and features. As each struc-
ture or feature is inspected, its predeto-
nation condition (cracked plaster, cracks
in exterior finish, broken windows, foun-
dation settling, etc.) should be documented
and supported with photographic evidence
and measurements of crack widths and
The

need for preventive measures, such as

lengths, amount of settlement, etc.

bracing, chimney removal, or padding,
required to prevent or minimize addi-
tional damage should be determined.
Personnel conducting the survey
should determine whether structures or
articles of historial, religous, or antique
value are present in the area. Since
these items are not replaceable and often
cannot be evaluated in monetary terms,
special measures of protection or re-

moval to a safe storage area may be

required.

b. Postdetonation Survey

A postdetonation survey should be con-
ducted as soon as possible to document
the condition of all area structures, items,
and features identified as susceptible to
damage. As with the predetonation sur-
vey, the documentation should be compre-
hensive and prepared in a manner that

will be usable for judging damage claims

o
3

"Damage costs are discussed in
Chapter 8.



and supporting legal actions. Postdetona-
tion survey data will also assist the plan-
ner in making future predictions for the

area or similar areas.

6.4 AIRBLAST

a. Safety Considerations

For underground detonations at crater-
ing depth, damage due to ground motion
and missiles will usually be dominant,
and safety concern from airblast is gen-
erally limited to ranges where broken
windows could cause personal injury.

The range at which airblast effects may
cause damage or injury is a-function of
the charge size, number of charges, bur-
ial depth, and atmospheric conditions at

detonation time.

b. Airblast Generated by Cratering
Detonations

After the initial shock front from an
underground explosion strikes the ground-
air interface, a wave disturbance in the
air is generated by the sudden mound
growth of the displaced earth as shown in
Fig. 3(c). The wave then propagates
through the atmosphere at a velocity
determined by meteorological conditions.
This portion of the air overpressure
wave is termed the ''ground-shock-
induced airblast.”

As the gas bubble generated by the
underground explosion expands toward
the ground-air interface, it transfers
additional velocity to the overlying soil
and rock, The specific pressure of this
gas bubble when it ''vents" will determine
the magnitude of the second part of the
air overpressure wave, which is called

the "'gas-vent airblast pulse." This
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occurs at the time of venting as depicted
in Fig. 3(d).
produced by the explosion is equal to or

If the pressure of the gas

less than atmospheric when it finally
breaks through the rising mound of earth,
there will be no observable gas-vent air-
blast pulse. This condition is dependent
on the depth of burial of the charge, the
explosive used, and the specific proper-
ties of the detonation medium,

Thus two distinct pressure wave peaks -
may exist and be measured from an
underground explosion, It is the wave
with the highest peak overpressure (high-
est pressure above ambient) that is of
interest in the development of airblast

prediction procedures.

c. Meteorological Conditions Affecting
Airblast Wave Propagation<

Airblast waves generated by explosions
attenuate very rapidly to low-amplitude
pressure waves which approximate sound
waves. If a sound ray is defined as the
direction of propagation of the sound wave,
then the path which a sound ray takes is
directly dependent on the changes in sound
velocity with elevation (velocity gradient)
in the atmosphere. The velocity of sound
is in turn dependent on the temperature
gradient and direction and speed of winds
in the atmosphere. The velocity of sound
increases downwind, decreases upwind,
and increases with increasing tempera-
ture. If the velocity of sound is uniform
throughout the air above the ground sur-
face, the sound rays will move out uni-
formly in all directions in a pattern anal-
If the

sound velocity decreases from the surface

ogous to the spokes of a wheel,

upward, all sound rays will be turned

upward away from the ground surface,



and the airblast overpressure along the
surface will decrease very rapidly. This
Would be a desirable situation from an |
operational and safety standpoint. On the
other hand, if the sound velocity increases
with altitude, the rays will be turned
toward the ground and possibly intersect
or overlap, resulting in a subsequent
increase in airblast overpressure at
specific locations as compared to that
which would result from propagation
through a uniform velocity field. This
would generally be an undesirable situa-
tion because it could cause sound rays to
focus at points on the ground, and the
resulting amplification of the airblast
overpressure could cause property dam-
age, injury to personnel, or an annoyance

to populated areas.

d. Prediction of Overpressure Amplitudes

Airblast overpressure amplitudes are
usually predicted by scaling the overpres-
sure expected from a 1000-ton explosive
charge of TNT detonated in a standard

atmosphere with a zero sound velocity

gradient.x Several theoretical calcula-

tions have been made of the airblast over-
pressure resulting from a 1000-ton "free"
air burst (i.e., no boundary reflections)
as a function of range from the point of
detonation. The standard overpressure-
range curve that is used is designated the
"IBM Problem M'" curve and is shown in
Fig, 28,°

Curves for other charge weights (Y)

and pressure conditions (P) may be con-

*When the explosive being used is not
TNT, its equivalent weight of TNT should
be used for Y. See Section 4.5,
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structed by shifting the Problem M curve
up or down according to the relation:
P
= = 26
AP = AP_ ( ) (26)

P
m

and moving the curve right or left accord-
ing to the relation:

‘ (Y_Pm>1/3 o
R=R —— s 27
m YmP
where
P = atmospheric pressure
AP = peak overpressure amplitude
R = range
Y = weight of explosive

Subscript m denotes data taken
from the IBM Problem M curve
(Pm = 1000 mbar)

The curves for explosive weights of 1,
10, and 100 tons detonated in free air at
standard pressure conditions are con-
structed as follows. Applying Eq. (26)
for the condition stated (P = Pm), no ver-
tical shift is required. Applying Eq. (27),
the new R values are: Rj = TlU R Rio

L R_. The new

- .1
=733 Ry and R0 7.15 m' ‘
curves are drawn and labeled in Fig. 28.

e. Transmission Factor for Underground
- Detonations

The parameter used to relate the lev-
els of overpressure for air burst and sub-
surface detonations is called the airblast
transmission factor (TF). The transmis-
sion factor is defined as the ratioc of peak
overpressure amplitude, AP, for a sub-

surface detonation to that expected at the
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|
‘ AP for subsurface buyrst =
(TF) X AP for air burst

)

T

Transmission factor (TF)

o
P
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Fig., 29, Airblast transmission factor

for underground detonations
(adapted from Reedl12).

same range from the same weight of

explosive detonated in free air, or11

subsurface burst overpressure
free air burst overpressure

AP

TF =

subsurface ) (28)

Pairbﬁrst

Figure 29 is a plot of the transmission
factor as a function of scaled depth of bur-
ial in the region of general interest for

explosive excavation applications. 12

f. Charge Configuration Multipliers

When the configuration of the explo-
sives to be detonated at one time is var-
ied from a single-charge configuration to
multiple charges in some geometrical
pattern, correction factors must be
applied to the overpressure values pre-

dicted for a single charge.
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For charges in a row, correction fac-
tors must be applied to the overpressures
propagated perpendicular to the row and
off the end of the row (axial direction).

Figure 30 is used to determine the appro-

Overpressure multiplier (A or P)

100

Number of charges in row

Fig, 30. Airblast multiplier for row of

‘charges (Ref. 9).

priate multiplier to be applied to the over-
pressure calculated for one of the charges
in a row of equal charges, or for one
charge of the average charge weight if the
charges are of different sizes.” The
multiplier for a point located at 45 deg to
the axis of a row may be determined by
taking the axial direction multiplier, A,
and adding to it one-half of the perpendic-
ular multiplier, P: thus, (A +§). See
Ref. 13.

For a square array of four equal
charges or a square with five equal
charges (one at each corner and one in
the center), a multiplication factor of
1.7 times the single-charge overpressure'
has been experimentally determined for
charges with a spacing of approximately
25 ft/tono'3

charges with closer spacing.

or greater, and 2.8 for
13,14



g. Adjustment of Predicted Overpres-
sure for Specific Meteorological
Conditions 10

As previously discussed, if the sound
velocity at some height above the surface
is higher than the velocity at the surface
and intermediate levels, a portion of the
early blast wave will be bent back or
"refracted' into a ground level sound arc,
or ring, some distance from the detona-
tion, This refraction phenomenon (also
referred to as ducting or focusing) will
produce higher airblast overpressures at
the ground level than would be predicted
by using the curves in Fig. 28. Similarly
a decrease in air temperature with alti~
tude will produce lower airblast over-
pressures at the ground level than would
be predicted.

A summary of amplification and reduc-
tion factors for overpressures as com-

pared to the standard 1000-ton free air

burst curve in Fig., 28 is given in Table 14.

h. Damage Criteria

Injuries to personnel could occur as a
result of the direct exposure of personnel

to the airblast overpressures but more

likely as a result of personnel being
struck by debris set in motion by the air-
blast. The eardrum of a man is the crit-
ical organ to be considered in limiting
his exposure to air overpressure. The
threshold for eardrum damage is 5 psi,
with 15 to 20 psi being the value which
will produce eardrum rupture in 50% of
the population exposed. 15 When person-~
nel are within structures, the incident
air overpressure may be amplified by a
factor of up to three by reflection from
the various surfaces of the structure.
This possible amplification factor plus
the possibility of injuries from flying
glass and other debris should be con-
sidered in setting the safe distances from
an explosion for personnel in buﬂdings.
Table 15 presents general criteria for
estimating the possible extent of damage
resulting from a predicted overpressure,
AP, In using these criteria for damage '
assessment purposes, cognizance must
be taken of the fact that strength specifi-
cations for window panes are not uniform.
In addition, the ability of a sheet of glass
to withstand a given overpressure is de-

pendent on its size. Although the damage

Table 14. Airblast overpressure amplitude correction factors for various atmospheric

conditions.?2

Correction factor

as applied to Range
Location relative to detonation Altitude interwval standard predicted interval
or atmospheric condition of interest (ft) overpressure {mi)
Downwind and/or atmospheric .Surface to
temperature inversion few thousand 2 to 3 Up to 30
Upwind and/or decrease in air b
temperature with altitude All 1/10 =100

%Reference 15 presents a detailed procedure for predicting airblast focusing in this

altitude range.
PAP « B2 inside 100 mi.
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Table 15, Airblast damage criteria.

11,17

Overpressure, AP

Degree of estimated damage

(mbar) (ps1)
| 2 0.029
3 0.044
4.5 0.065
13 0.19
40 0.58
Over 40 Over 0.58

Possible window damage, particularly
to large store windows

Some damage to large plate glass
windows. can be expected

Some damage to average size windows
can be expected -

Extensive damage to windows; probable
damage to average wooden doors

Most small casement windows smashed

Structural damage possible

criteria in Table 15 are empirical in
nature and very qualitative, they are use-
ful guides in making airblast safety anal-
yses for chemical explosive excavation
projects. The damage criteria are ex-
pressed both in terms of millibars (mbar)
and psi (1 psi = 69 mbar).

i. Procedure for Predicting Airblast
Overpressure Amplitudes

The airblast overpressure to be used
for explosive excavation project safety
analyses may be predicted by the follow-

ing procedure: -

Step 1

Scale the 1000-ton free air burst curve
in Fig. 28 to a curve for the total weight
of the detonation and local atmospheric
pressure by the method discussed in
Section 6.4d using Eqs. (26) and (27):

: P
AP = AP (?—>
m
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and
<YPm>1/ .
R =R .
m me—‘

If a n‘-liultiple charge detonation, use the
average charge weight of the row or

array.

Step 2

Determine the scaled depth of burial
of the detonation in ft/ton0'3. If a multiple
charge detonation, use the average scaled
depth of burial of the individual charges
in the row or array (calculated on the

basis of the individual charge weights).

Step 3

Determine thé transmission factor
(TF) at this scaled depth of burial using
Fig. 29 and apply this factor, at specific
ranges of interest, to the curve generated
in Step 1 using the expression from
Eq. (28):

AP

subsurface burst =TFX APa

ir burst’



If a multiple charge detonation, apply the
appropriate overpressure multiplication
factor determined from Fig. 30 for the
charge configuration and location of
points of interest wi.th respect to the

charge.

Step 4 .
Apply the appropriate factors from
Table 14 to this curve to estimate maxi-
mum, minimum, and average overpres-

sure that may occur at ranges of interest,

Step_5

Locate overpressures on the curve at
which damage criteria apply. Locate
houses and structures of interest on the

range scale.

As an example, assume that five
10-ton charges, each buried at a scaled
depth of burial of 20 ft/tono's, are to be
detonated simultaneously to form a row
crater at sea level, Since the overpres-
sure vs distance for a single 10-ton deto-
nation in free air is already plotied in
Fig. 28, values of overpressure at any
range can be read directly from this
curve, Overpressure values at 1000 and
80,000 ft would be 57 and 0.3 mbar,
respectively. This completes Step 1.
Since the scaled depth of burial is given,
Step 2 is also complete. From Fig. 29,
the transmission factor for a depth of
burial of 20 ft/ton*3 is 0.1. Thus, the
overpressure values at 1000 and 80,000 ft
for the 10-ton charge at a scaled depth of
burial of 20 ft/ton?*>

be 5.7 and 0.03 mbar, respectively. The

are determined to

overpressure multiplication factors can
be obtained from Fig, 30, The factors
for five charges are 3.0 in the perpendic-

ular direction and 1,5 in the axial direc-
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tion. Thus, the overpressure in the per-
pendicular direction will be 17,1 mbar at
1000 ft and 0.09 mbar at 80,000 ft; in the
axial direction, 8.55 mbar at 1000 ft and
0.045 mbar at 80,000 ft.
completes Step 3.

This operation
These values, the
appropriate correction factors for atmos-
pheric conditions, and the structure loca-
tions are plotted, and Steps 4 and 5 are
now complete., Figure 31 is the piot of
overpressure vs range for the example.
Hypothetical structures of concern are
located along the abscissa and da'mage
criteria along the ordinate,

Figure 31 shows that the predicted
overpressure at the nearby industrial
buildings under zero sound velocity gra-
dient conditions is 1.4 mbar (for buildings
located perpendicular to the row) or
0.7 mbar (for buildings located in the
axial direction). In either case, no dam-
age is expected. If inversion conditions
prevail, much higher overpressures are
predicted at the same range. The over-
pressure perpendicular to the row ex-
ceeds 4 mbar (probable damage to aver-
age size windows), and in the axial
direction it is 2.1 mbar {(possible damage
to large windows)., Therefore, in order
to avoid window damage to the industrial
buildings, it would be desirable to avoid

detonation under inversion conditions.
6.5 UNDERWATER SHOCK

a. Safety Considerations

The shock wave produced by a detona-
tion in water can be lethal to swimmers,
divers, or marine life, and can damage
underwater structures. The underwater
shock from a detonation in a geologic
medium overlain by water will be consid-

erably reduced in magnitude compared to
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the ground shock from a corresponding
land cratering detonation. The factors
which govern the injury or damage that
will be sustained are: (1) proximity to
the source of the blast, (2) size and char-
acter of the explosive, (3) the degree of
submersion of the receiver (swimmer,
diver or structure), (4) the influence of
boundary reflections, (5) the duration of
the pressure pulse, and (6) the location
of the charge with respect to the medium-

- 1
water and water-air interfaces. 8

b. Charge Buried in Medium Overlain
by Water

Investigations of detonations in a me-

dium overlain by shallow water show two
trends: first, the shallower the water the
faster the rate at which peak pressure
attenuates; and second, the magnitude of
the peak pressure decreases at a particu-
lar range as the charge is moved from
mid-depth to bottom to below bottom.19
Figures 32 and 33 may be used to esti-
mate the peak pressures at various
ranges for charges below the bottom in
shallow water (D/Yl/3 < 0,6) which is the
general region of interest for explosive
excavation projects. In the figures, water
depth, d, is in feet; charge, Y, is in
pounds and charge depth below the water
surface, Z, is in feet. The validity of the
curves in Figs. 32 and 33 for other than
the Z/d and D/Yl/3 values given have not
been established. '

~

c. Safety Criteria -

Air-filled organs, such as in the chest
and abdominal regions of a man or swim
bladder of fish, are vulnerable to injury
from underwater shock waves. Available

data indicate that damage to humans and
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marine life with air-filled organs is a
function of impulse as well as peak pres-
sure,

In the underwater situation, no maxi-
mum safe values of peak overpressure or
impulse for humans have been determined
to date. General practice is to remove
all persons. from the water in the general
vicinity of the blast prior to the detona-
tion, Where removal of all personnel is
not possible, there is some evidence that
a 5-psi overpressure may be tolerated by
a swimmer with head in the water.20 This
value is based on the fact that the human
eardrum has a threshold in air of 5 psi
for rupturing whether the pulse duration

21,22 In calcu-

is of 3 msec or 400 msec.
lating the range to the 5-psi overpressure,
conservative assumptions should be made
concerning charge detonation conditions,
amplifications of peak pressure due to the
type of explosives employed, and effect of
hydrostatic pressure on submerged per-
sons,

No specific criteria in terms of under-
water shock pressure are available for
fish and marine life. Fish cage experi-
ments during underwater cratering
detonations show that some fish can be
killed out to the maximum range of ejecta
missiles, but the kill range is generally
somewhat less than this. Marine life
containing air-filled organs, such as fish,
have been injured at peak pressures ex-
ceeding 70 psi with death commencing at

e Oysters and

peak pressures of 130 psi.
other types of marine life having no swim
bladders are practically invulnerable to
shock wave damage.23
Damage criteria for underwater struc-
tures cannot be generalized. Each type

of structure will require examination by
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a qualified engineer to determine the
structure's ability to withstand the peak
shock pressures, impulse, and energy

associated with the situation of interest.

6.6 WATER WAVES

a. Safety Considerations

Explosion-generated water waves of
sufficient size can cause damage to water-
front installations, such as seawalls
breakwaters, or piers. Small boats in the
area may be upset. Also, wave run-up on:
the shore can cause damage to structures

and equipment.

b. Wave Height Predictions

The maximum height of waves gener-
ated by a singie-charge or multiple-
charge array buried beneath the sea floor
can be predicted by using the curve in
Fig. 34 (Ref. 24),

c. Damage Criteria

The construction of structures adja-
cent to bodies of water and the methods
used to berth small craft vary consider-
ably depending on the expected exposure
to the sea or the wind, and water-traffic-
generated water waves in inland waters.
Thus, no general damage criteria can be
stated for structures such as piers,
wharves, breakwaters, and other facili-
ties adjacent to the water., In each situa-
tion the wave height at the points of
interest will be required and the effect
of the movement of the water mass or
change in water level on the structure
must be evaluated.

In evaluating the effects of the water
wave one must consider its potential to

inundate, to displace, and to transport
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both floating objects and those fixed to

or resting on the adjacent shoreline.

6.7 MISSILE HAZARDS

a. Safety Considerations

Missiles (ejecta and other fragments)
resulting from explosive detonations on
the surface of the ground can be hazardous
to personnel at ranges beyond the hazard
Mis~

siles from the detonation of buried charges

range for airblast overpressures.

pose a similar hazard. Property such as
motor vehicles, construction equipment,
buildings and other structures can be dam-
aged by missile impaéts-. Thus, the mis-
sile hazard is important in selecting
explosive storage areas and in establish-
ing safe separation distances for person-
nel and mobile equipment from storage
areas, as well as in planning for and
analyzing the effects of an explosive
excavation detonation.

In evaluating the missile hazard to per-
sonnel and mobile equipment, the maximum
range of missiles is the principal concern.
Where structural safety or missile impact
effects are of importance the maximum
missile range, missile size, and distribu-
tion per unit area must be considered.
Missile size and distribution per unit area
may be used to determine the cost effec-
tiveness of protecting fixed objects within

maximum missile range.

b. Prediction of Missile Range

For surface explosions of 0.5 to
500 tons the maximum missile ranges
depend on the shape of the explosive
charge. If the configuration of the
stored explosive is approximated by

a hemisphere or a sphere, ranges may



be calculated using the following

relationship525:

630 v0-4 (29)

Hgmispheres: Rmax

Spheres: R 1470 Y94 (30)

max

where

R = maximum range in feet
max

Y = charge weight in tons of
TNT eqguivalent

For buried explosives in the range of
0.5 to 500 tons, the depth of burial influ-
ences the range of the missiles. Fig-
ure 35,* developed from field data, may
be used for the prediction of maximum
missile range.25

When used for personnel safety con-
siderations, ranges calculated from the
above relationships should be multiplied

by a safety factor of 2,

c. Missile Size and Distribution

The following procedure has been
developed for estimating missile size and
distribution per unit area, The proce-
dure was developed from data for detona-
tions of half-buried spherical charges in
a rock medium and is believed to be con-
servative for cratering detonations,
because half-buried charges in rock pro-
duce more missiles than either surface
charges or fully buried charges in either

rock or soil,

'Figure 35 was developed from field
data in which both nuclear and chemical
(TNT and nitromethane) explosives were
used.
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Step 1
Select maximum and minimum ranges
at which missile characteristics are

desired, and consider this as a ring,

Step 2

Calculate the area of the selected ring.

Step 3

Using the distance from the detonation
point to the midpoint of the ring, deter-
mine from Fig. 36 the specific area value
(the area in square feet in which one

missile will be found).

Step 4

Calculate the number of missiles in
the ring by dividing the ring area by the

specific area value.

Step 5

Convert the mid-rihg radial distance
to a multiple of the crater radius. The
following relationship based on detona-
tions of half-buried charges is used to
determine the apparent crater radius for
the selected charge: R_ =10.0 y0-3 (Ra
is apparent crater radius in feet, and Y

is charge weight in tons).

Step 6

Estimate missile size distribution
from Fig, 37, using the missile size
distribution curve which approximately
corresponds to the mid-ring radial dis-
tance in crater radii determined in Step 5
above, It is necessary to interpolate be-
tween size distribution curves when the
mid-ring distance does not approximately
equal any given curve in Fig, 37,

As an example, consider a spherical

charge of TNT weighing 50 tons, Missile
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characteristics are desired within a ring
of radii 500 to 600 ft from the center of :
detonation. The area of this ring is
approximately 345,600 ftz, and its spe-
cific area value of 550 ft (from Fig. 36)
is approximately 300 £t2 per missile.
(This means that one missile impacts in
every square about 17 ft on a side and
located within the region of interest,)
Thus, the 500- to 600-ft ring would con-

tain approximately 1,150 missiles. From
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the relationship given in Step 5 above,
the apparent crater radius for a 50-ton
spherical charge detonatied half-buried at

-the surface of a hard rock medium would

be about 32 ft, The center of the 500- to
600-ft ring is about 17 crater radii
(550/32 = 17).

12- and 26-crater-radii size distribution

Interpolating between the

curves shown in Fig, 37, it is found that
approximately 50% of the missiles will .be
less than 4 1b and 80% will be less than
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9 1b, and no missile will exceed approx-
imately 30 Ib. A structure or object
occupying 600 ft2 of ground surface in
this zone may incur two missile hits of

the weights stated above.

6.8 ENVIRONMENTAL
CONSIDERATIONS

a. General

This section discusses the principal
environmental consequences due to the
ground motion, air and/or underwater
shock overpressures, ejecta and dust,
and dirt cloud resulting from cratering
detonations, These effects prevail for
only a very brief time at detonation.
Except for the potential safety and dam-
age hazards previously discussed, long-
term aftereffects in most cases are
The
ecology of the area could be affected

expected to be inconsequential,

(e.g., the influence of underwater detona-
tions on fish); however, it is not possible
to draw specific conclusions about such
effects from the data currently available.
Specific investigations are required to
determine the environmental impact of
using explosive excavation on any partic-
ular project; however, the impact from
certain types of projects is generally
known and is briefly described in the
following paragraphs. Guidelines are
provided for the conduct of .specific

investigations,

b. Land Cratering Projects

For construction projects at land
sites removed from bodies of water and
streams or rivers, the effects of the
explosive detonations on the environment
will be minimal and, except for the prob-
lems resulting from the distribution of
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dust and dirt, will be confined to the area
immediately adjacent to the detonation
point. Ejected material will cover the
area immediately adjacent to the detona-
tion point and will destroy trees and
plants for several hundred feet depending
on the size of the charge detonated and
emplacement conditions, The area of
plant life destroyed by the ejecta is not
significant because the area most likely
would be cleared in normal construc.tion
operations. Seismic motions will not be
of sufficient magnitude at distances out-
side the construction area to interfere
with plant life. Air overpressure dam-~
age to plants will also be confined to the
immediate area about the detonation
point. Terrestrial animals and birds will
normally leave the immediate area prior
to detonation due to the noise of other
construction activities and may be ex-
pected to remain away until such activity

ceases.

The dust and dirt resulting from explo-~
sive detonations, particularly when car-
ried out under selected weather condi-
tions, may be less disturbing to the
environment than that associated with
conventional construction techniques.
Detonations can be scheduled at times
when the winds will carry the dust and
The

shorter construction time and minimum

dirt to areas of minimum concern,

amount of heavy construction equipment
inherent in using explosive excavation to
move or fracture the media will re-
duce the requirement for access

roads, the time during which dust and
dirt are created, and the time con-
struction noise persists, thereby re-
ducing deleterious effects on the

landscape.



c¢. Underwater Cratering Projects

The effects of underwater detonations
are generally-inconsequential on the

Effects
on fish and other water life are more

environment outside the water.

difficult to classify and require more
study.

Investigations were conducted in con-
junction with the Project Tugboat under-
water cratering tests in Hawalii in 1970.2‘1
These investigations included observing
and recording the marine life at selected
locations prior to, during, and following
the detonations, determining by the an-
chored fish cage technique the distances
from the detonations to which fish kills
and injuries were incurred, and collecting
the dead and stunned fish following each
detonation, Fish counts at various sta-
tions during the period of observation
produced highly variable data making it
impossible to draw definite conclusions.
For nominally 40-ton detonations, the
distances to which all fish in fish cages
were killed ranged from 100 to 210 ft for
three separate detonations. The maxi-
mum distance to which any fish were
killed or injured probably did not exceed
300 ft for any single 40-ton detonation,
Certain specimen of fish appeared to be
more vulnerable to shock than others,
based on the postshot collection program.
Many of the stunned fish recovered and

survived,

d. Guidelines for Environmental
Tnvestigations of Specilic Projects

(1) Determination of Predetonation
Conditions

Prior to the detonation of explosives,
the environmental and ecological condi-

tions that exist must be investigated.
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This investigation should have the objec-
tives of identifying all of the damage that
might be inflicted on the area and its
terrestrial and aquatic (flora and fauna)
inhabitants, indicating the protective
measures that may be required to pre-
vent or minimize damage, and serving as
a documented baseline of predetonation
conditions. Activities such as field sur-
veys to count the actual numbers and
types of flora and fauna should be under-
taken if considered necessary after con-
sultation with agencies managing such
resources, Where possible, the State
and Federal Agencies managing the re-
sources of an area should be invited to
perform the predetonation investigations
and to conduct research programs and
tests in conjunction with the project.
These agencies have an official interest
in specific problem areas, are staffed
with professional people capable of per-
forming tasks connected with their area
of interest, and are already in possession

of the requisite basic data.

(2) Determination of Preventive
Measures

Areas of concern identified by predeto-
nation investigations should be examined
in detail to determine what measures can
be taken to eliminate or to reduce adverse
effects., To some extent the measures
discussed in Section 6.2d(4) apply to nat-
ural area features, The possibility of
using a small underwater shot prior to
the main detonation may be desirable in
certain instances to reduce fish kill, Pre-
ventive techniques should be explored
in consultation with the State and Federal
Agencies and other organizations con-

cerned with the particular problem and



the feasibility of implementation of the

techniques established.

(3) Determination of' Detonation
Effects

To determine the postdetonation condi~
tions, a thorough reconnaissance of the
area noting and recording any damage to
foliage and wildlife is desirable. Photo-
graphs of the area and of any specific
damage are very valuable extensions of
written descriptions,

In aquatic construction areas, the
effects of the explosion on fish and other
marine life may be difficult to determine
because of tides, currents, wave actions,
and water depths., Under these conditions
it may be desirable to place caged speci-~
mens in the water at various distances
from the detonation point, Detonation
effects can be determined by counting and
retrieving any dead marine-life, reexam-
ining fixed marine life about the area, '
and retrieving and recording the condition
of restrained specimens.

Postdetonation surveys should be con-
ducted not only with the objective of doc-
umenting effects but also of determining
and evaluating measures for the reduction
of undesirable effects on the environment

in future projects.
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